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Abstract
Characterizing Cool Brown Dwarfs and Low-Mass Companions with
Low-Resolution Near-Infrared Spectra
by
Paige A. Godfrey
Advisor: Professor E.L. Rice
Exoplanet direct detections are reaching the temperature regime of cool brown dwarfs,
motivating further understanding of the coolest substellar atmospheres. These objects, T and
Y dwarfs, are numerous and isolated in the field, thus making them easier to study in detail
than objects in companion systems. Brown dwarf spectral types are derived from spectral
morphology and generally appear to correspond with decreasing mass and effective temper-
ature (Teff ). However, spectral subclasses of the colder objects do not share this monotonic
temperature correlation, indicating that secondary parameters (gravity, metallicity, dust)
significantly influence spectral morphology. These secondary atmospheric parameters can
provide insight into age and formation mechanisms. We seek to disentangle the fundamental
parameters that underlie the spectral morphology of T dwarfs, the coolest fully populated
spectral class of brown dwarfs, using comparisons to atmospheric models. We investigate
the relationship between spectral type and Teff from the best fit model parameters for a
sample of 151 T dwarfs with low resolution (R 75-100) near-infrared SpeX Prism spectra.
We use synthetic spectra from three model grids (Morley+ 2012, Saumon+ 2012, and BT
Settl 2013) and a Markov-Chain Monte Carlo (MCMC) analysis to determine robust best
fit parameters with uncertainties. We perform our analysis on the full spectrum and on
narrower wavelength ranges, for the BT-Settl 2013 model grid, where directly detected exo-
planets are typically characterized. We provide foundational assessments of the factors that
affect T dwarf spectral morphology to prescribe the best approach to interpreting spectra of
vcool substellar objects. Using T dwarfs as exoplanet analogs, we create spectral templates
from observed spectra for comparison to cool companion spectra of high contrast imaged
objects. Our analysis of these proof-of-concept cases provides the backbone for interpreting
spectra for some of the benchmark companion objects found with today’s exoplanet imagers.
Our analysis is the most extensive T dwarf model comparison to date, thereby laying the
foundation for interpretation of cool brown dwarf and exoplanet spectra.
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Chapter 1
Introduction
1.1 Spectral Types and Effective Temperature
Brown dwarfs and high-mass planets exhibit complex atmospheres of gas, including
atomic and molecular species such as methane, and dust due to their low temperatures
(400-1200K). Unable to sustain core hydrogen fusion, these substellar objects continually
cool over their lifetime, transitioning through the spectral type sequence which is ostensibly
defined by their effective temperatures (Teff ). Figure 1.1 shows this relationship transition
for M6-T9 objects which span an Teff range of ∼ 3000−500 K. Spectral morphology defines
the spectral type classes, and is tempered by the primary (temperature and surface gravity)
and secondary parameters (metallicity, dust, and clouds) (Mace et al., 2013). While spec-
tral types (M, L, T, Y) generally correlate with decreasing temperature, spectral subclasses
(e.g., T0 - T9) do not, suggesting that secondary parameters play a role in the spectral type-
temperature relationship (Mace et al., 2013; Burgasser et al., 2006b; Kirkpatrick, 2005). This
relationship is clearly non-linear and plateaus in the L/T transition as shown in Figure 1.1
(Saumon & Marley, 2008; Burgasser, 2007a; Golimowski et al., 2004).
The result of the intrinsic cooling of brown dwarfs as they age, is a possible degenerate
1
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Teff estimate: an older, higher mass brown dwarf could have cooled to the same temperature
as a young, low mass brown dwarf. Figure 1.2 shows mass isochrones with Teff as a function
of age for M, L, T, and Y dwarfs. The black horizontal arrow and respectively colored boxes
indicate that an object of ∼ 1800 K could be a young planet, a 100Myr old brown dwarf,
or a very old star, depending on its mass (1MJup, 13MJup, 75MJup respectively). The use
of synthetic spectra (hereafter, models) that incorporate all of the atmospheric parameters
into converged, consistent atmospheric structures to reproduce observed spectra provide
constraints on these degeneracies.
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Figure 1.1 Field age objects (gray dots) are shown here with their effective temperature and
spectral type. Temperatures are from evolutionary model estimates derived from precise
bolometric luminosities from full spectral energy distributions (Figure from Filippazzo et al.
(2015)). A plateau in the decrease of Teff occurs during the L/T transition, and is a result
of imminent cloud condensation in the atmospheres.
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Figure 1.2 Equal mass tracks are displayed against Teff as a function of age (Burrows et al.,
2006). These tracks suggest masses for objects with a specified temperature and age. As
shown by the black leftward horizontal arrow, objects of the same temperature (here, ∼ 1800
K) can be a young planetary mass object (red square), a juvenile brown dwarf (green square),
or a very old star (blue square), with increasing masses, respectively. Figure courtesy of J.
Faherty.
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1.2 Observed and Synthetic Spectra
Brown dwarf observed spectra are analyzed based on their absorption and emission lines
which are the result of molecular collisions within the atmosphere. The presence of certain
molecules and dust grains in the atmospheres is due to the temperature, surface gravity,
and formation environments of these objects, and these underlying physical properties affect
the shapes of the spectral lines. The strength and width of these lines are related to of the
rotation and surface gravity of the brown dwarfs. To understand the physics that sculpt
observational data of brown dwarfs, atmosphere models aim to recreate the physics and
chemistry of converged atmospheric structures, and produce emergent spectra. Models are
one way to measure the physical properties of T dwarfs without obtaining dynamical mass
measurements from binary systems or empirically from calculating Lbol such as the work done
in Filippazzo et al. (2015). Since a sudden cloud clearing occurs during the L/T transition
due to particle condensation and settling, the dust clouds are below the photosphere, not
contributing opacity to the observed spectrum, and therefore reduce the spectral significance
of dust grains in mid to late T dwarfs (Witte et al., 2011) making them good candidates
for model fitting because observations can probe deeper into the atmosphere. Interpretation
of brown dwarf spectra depends on spectral resolution and the models do not necessarily
produce consistent, reliable results for temperature, surface gravity, and other secondary
parameters. In particular, we see a spread of Teff estimates in the results in the early T dwarf
range, when model fits are performed on high resolution near-infrared (NIR) T dwarf spectra
(Del Burgo et al., 2009). Comparing models to observations investigates the reliability of
constraints on the fundamental parameters assumed in the physics of the models. Using
a robust computational method for these fits, we can determine the primary fundamental
parameter, Teff . Low resolution spectra remove the ability to focus on particular absorption
features visible in high-resolution spectra, but allow for model fitting across the NIR 0.9-
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2.4µm spectrum and an opportunity to analyze the broad absorption features that affect the
spectral morphology throughout the subclasses.
There are several model sets currently available that attempt to reproduce T dwarf
spectra, and past modeling efforts that include low-, medium-, and high- resolution spectra
and various techniques such as forward modeling and retrieval methods (Line et al., 2015).
For example, the PHOENIX AMES-cond atmosphere models mimic complete settling of dust
out of the atmosphere, and have been fit to nine T dwarfs with high-resolution (R∼10,000)
spectra and various low-resolution spectra (R∼100) (Del Burgo et al., 2009) resulting in
an inconsistent reproduction of the spectra of early T types where the KI doublets are
stronger and a better fit to the late type T dwarfs. Del Burgo et al. (2009) find that
within the error bars, the temperatures and surface gravities determined from the model
fits are consistent with the findings in the literature. Burgasser et al. (2011) found, using
the Saumon & Marley (2008) models, that cloudy, low surface gravity models best matched
five late type T dwarf low-resolution NIR spectra. Tremblin et al. (2015) find, using their
one-dimensional radiative/convective equilibrium code ATMO, that cloudless models with
a reduced temperature gradient in the atmosphere best reproduce the observed fluxes and
colors of two studied T dwarfs. Stephens et al. (2009) compare mid-infrared spectra of eight
early to mid T dwarfs to model atmospheres from Saumon & Marley (2008) and find that the
observed spectra are well-reproduced. Stephens et al. (2009) also find that the sedimentation
factor (fsed), that measures the thinning of clouds and larger grain sizes that condense below
the photosphere, increases quickly from T0 to T4. Using their fitting analysis they create
an effective temperature - spectral type polynomial relation, which we use later on in the
analysis of this work.
In Cushing et al. (2008), the Marley et al. (2002) models were fit via a goodness of fit
statistic to two T dwarfs. They found that the models fit the data much better over narrow
wavelength ranges, but the Teff values derived from narrower wavelength ranges do not
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agree with those derived by fitting full 0.95-14.5µm spectral energy distributions and that
Teff estimates from these narrow wavelength results are not reliable for ultracool dwarfs.
A model fitting analysis comparing multiple model grids across narrow wavelength regions
has not been executed for a large sample of T dwarfs from T0 to T9 at low resolution. To
evaluate the consistency of each model grid, we perform a goodness of fit analysis on the
narrower wavelength ranges where directly detected exoplanets are typically characterized.
1.3 Brown Dwarfs as Exoplanet Analogs
The low effective temperatures of brown dwarfs overlap with the temperatures of massive,
gas giant planets like Jupiter. Their atmospheric make-up overlaps among many layers
displayed in Figure 1.3, making them sufficient atmospheric exoplanet analogs. Cool brown
dwarfs and massive planets are brightest when observed in the near-infrared (NIR, 0.9-
2.3µm), and are most often observed and spectral typed in this wavelength regime. Within
this wavelength range, there are four opacity windows (Y,J,H,K), between prominent water
absorption bands, shown in Figure 1.4. Exoplanets are typically only observed in one or
two of these bands, therefore it is necessary to be able to reliably characterize low mass
brown dwarf spectra in these individual bands, if they are to be used as exoplanet analogs.
A comprehensive understanding of the fundamental parameters affecting their spectra is
therefore necessary to make this connection and to bridge the gap between the lowest mass
stars and the warmest exoplanets.
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Figure 1.3 Cloud layers in the atmospheres of Jupiter, a cool brown dwarf, a warm brown
dwarf, and a low mass star. Cool brown dwarfs and Jupiter (here, representing gas giant
exoplanets) have similar atmospheric structure. (Figure from Lodders (2004))
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Figure 1.4 Full spectral energy distributions (SEDs) for four objects that span a Teff range of
∼ 3000 K. The warmest object is an M dwarf, then L, T, and Jupiter (similar to a Y dwarf).
This figure shows the spectral morphology as it evolves through the cooler temperatures
and is affected by molecular absorption. Also shown here are the T dwarf wavelength bands
(Y,J,H,K) which are defined by the deep molecular water absorption between them.
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1.4 Motivation and Outline
In this work, I strive to fill a gap in our understanding of cool objects that form a bridge
between brown dwarfs and exoplanets. This bridge includes the fully observed T dwarf
spectral class, and has not yet been probed in a comprehensive analysis. To begin, I provide
an evaluation of the wavelength bins where the current, relevant model grids work and
where they do not for near-infrared low resolution spectra of cool brown dwarfs. I provide
foundational assessments of the factors that affect T dwarf spectral morphology to prescribe
the best approach to interpreting spectra of cool substellar objects. I aim to strengthen
the current understanding of T dwarf atmospheres with synthetic spectra in preparation
to use these for higher resolution observation follow ups and analysis and cooler detections
necessitating the understanding of these warmer, brighter atmospheres.
In Chapter 2 I describe my choice of modeling methods. These include a χ2 goodness of
fit statistic and a robust Markov-Chain Monte Carlo procedure and a comparison of their
strengths and weaknesses.
In Chapter 3 I present the results of my model fitting analysis over the full NIR spectrum
for three current model grids. These results provide a prescription for the best use of model
fits to constrain primary parameters of T dwarfs.
In Chapter 4 I discuss the model fits to the same large T dwarf sample with one grid
over the four individual narrow wavelength bands. This analysis is imperative to commission
cool brown dwarfs as exoplanet analogs, because these are the narrow wavelength bands that
exoplanets are typically observed in.
In Chapter 5 I discuss in detail the individual companion objects we studied as collabo-
rations with exoplanet imaging teams and the use of cool brown dwarfs as exoplanet analogs
via spectral templates.
In Chapter 6 I discuss the great future potential for this work. This includes high-
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resolution model fitting for the same large T dwarf sample to follow up in closer detail on
the particular absorption features that define the spectral morphology of the T dwarf spectral
class.
Chapter 2
T Dwarf Model Fits- Methods
The work presented in this thesis encompasses two goals that share a common method
for analysis. The first goal is to determine the best fitting model parameters for a large
sample of T dwarfs, with three synthetic spectra suites across narrow wavelength ranges and
the full NIR SpeX Prism spectrum. The procedure begins by normalizing each model in the
model suite to the observed T dwarf spectrum. Then a goodness of fit statistic is used to
calculate how well the model fits the observed spectrum. This results in a best fitting model
for each model suite, that most closely reproduces the observed T dwarf spectrum. The best
fitting model’s corresponding parameters (Teff , log(g), and where applicable a sedimentation
factor, fsed) are adopted as the best fitting model parameters for each T dwarf.
The second goal is to use my sample of observed T dwarf spectra as spectral templates
for low resolution observed companion spectra. These spectral templates effectively act like
models for the companion spectrum to be fit to. The same approach as described above
is used. I normalize the spectral templates to the companion spectrum and then fit each
template to the companion spectrum. The results are a goodness of fit for each template
to the companion spectrum and the best fitting template describes the spectral type of the
companion.
12
CHAPTER 2. T DWARF MODEL FITS- METHODS 13
To quantitatively compare the fidelity of the synthetic spectra fits to the observed spec-
tra, I explore two goodness of fit statistical methods. The first, a reduced χ2 statistic, is
computationally inexpensive, and produces reliable polynomial relational results over a large
sample of spectra. However, this method produces 1-dimensional results for each parameter
in the model grid, and adheres strictly to the existing model grid points. For reference, this
method require a range of 20-40 minutes per object per model grid of processing time on
a 2.4 GHz Intel Core i7 MacBook Pro. The second method, a Markov-Chain Monte Carlo
(MCMC), requires larger computing power, but provides reliable results for each object
with quantitative uncertainties. MCMC also provides an in-depth exploration of the model
grid parameter space showing correlations between parameters in N-dimensional parameter
space, and is not rigid to existing model grid points, capable of interpolation between grid
points to constrain the best fit sample space. This method require a range of 10-18 hours per
object per model grid on a high performance computing cluster that consists of 8 cores per
node and 3Gbytes memory per core. Future model fitting analyses with higher-dimensional
model grids and higher-resolution spectra will require significant optimization of MCMC
computation speed to be efficient.
I outline in detail my sample, the three chosen model grids, and the two statistical
methods in the subsections below.
2.1 Sample
We choose a large, diverse, and sequentially complete sample of the coolest, fully pop-
ulated spectral class of brown dwarfs, to ensure a comprehensive analysis of the T dwarf
spectral class and a thorough inspection of the spectral type - Teff relationship. Spec-
tral morphology defines the spectral classes (Burgasser et al., 2006b). Figure 2.1 displays
this morphology of prominent absorption features as the Teff cools. As the Teff decreases
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toward the later spectral subtypes, the shape of the emergent flux within the four defined
wavelength ranges between prominent water absorption bands (Y: 0.9-1.143µm,J:1.143-1.375
µm,H: 1.375-2.000 µm,K: 1.937-2.4 µm) becomes narrower and more prominent.
2.1.1 Objects
The spectral type distribution of our sample is shown in Figure 2.2. There are 7-15
objects in each spectral subtype T0-T4, 20-30 in each of T5-T8 and two T9s. This sam-
ple consists of mostly field age (>100Myr), free-floating objects, except for the L9/T1.5
binary WISEP J061135.13-041024.0 AB (Gelino et al., 2014), the T7.5 companion ULAS
J141623.94+134836.3 (also SDSS J1416+1348B) to the L6 SDSS J141624.08+134826.7 (Bur-
gasser et al., 2010b) and HN Peg B (2MASS J21442847+1446077) (Luhman et al., 2007).
2.1.2 Spectra
We use low resolution (R 75-200) near-infrared (NIR) SpeX Prism spectra of 151 T
dwarfs, including the spectral standards (Burgasser et al., 2006b). Low resolution spectra
of T dwarfs covers the wavelength range from roughly 0.9 - 2.4 µm. Prominent T dwarf
spectral features that shape the spectral morphology, such as methane and water, are shown
in Figure 2.3 (Delorme et al., 2008) for the observed spectrum of 2MASS J15031961+2525196
(Burgasser et al., 2003a) and the 1050 K best fit atmospheric model from BT Settl 2013.
We assemble our sample of spectra from the SpeX Prism Library, which were obtained using
the SpeX spectrograph at the NASA Infrared Telescope Facility (IRTF) in prism mode. A
signal-to-noise ratio (SNR) of 10 is given to any spectrum without an uncertainty array. This
value was determined from sample spectra with uncertainty arrays. The spectral standard
objects highlighted throughout this work and their references are presented in Table 2.1.
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Figure 2.1 SpeX Prism spectra (R 75-200) of the T dwarf spectral standards T0-T8 (Bur-
gasser et al., 2006b) and a T9 (Mace et al., 2013) for completeness offset by a constant. The
shape of the bands changes with Teff .
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Figure 2.2 Our sample of low resolution SpeX Prism spectra per half spectral type. This
sample comprises of objects of every spectral subtype in the T dwarf class.
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Figure 2.3 T5 1503+2525 (black) overplotted with its best fit model from the BT Settl 2013
grid (gray). Prominent absorption features of the T dwarf class are shown, including CH4
(red), H2O (blue), K I (green), and CIA H2 (magenta).
18
Table 2.1: Object name, spectral type, and important references for my full sample of T dwarfs. The spectral standards
T0-T8 and the sole T9 object highlighted throughout this work are displayed in the top panel.
Object Name NIR SpT Disc. Ref. SpT Ref. SpeX Ref.
SDSS J1207+0244 T0.0 (Hawley et al., 2002) (Burgasser et al., 2006b) (Looper et al., 2007)
2MASSA J0837-0000 T1.0 (Leggett et al., 2000) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
2MASS J1254-0122 T2.0 (Leggett et al., 2000) (Burgasser et al., 2006b) (Burgasser et al., 2004)
2MASS J1021-0304 T3.0 (Leggett et al., 2000) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
2MASS J2254+3123 T4.0 (Burgasser et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2004)
2MASS J1503+2525 T5.0 (Burgasser et al., 2003a) (Burgasser et al., 2006b) (Burgasser et al., 2004)
2MASS J1624+0029 T6.0 (Strauss et al., 1999) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
2MASS J0727+1710 T7.0 (Burgasser et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
2MASS J0415-0935 T8.0 (Burgasser et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2004)
UGPS J07220540 T9.0 (Lucas et al., 2010) (Mace et al., 2013) (Mace et al., 2013)
SDSS J0000+2554 T4.5 (Knapp et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
2MASS J0034+0523 T6.5 (Burgasser et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2004)
2MASS J0039+2115 T7.5 (Mugrauer et al., 2006) (Luhman et al., 2007) (Burgasser, 2007b)
WISE J0040+0900 T7.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
WISE J0045+3611 T5.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
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WISE J0049+2151 T8.5 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
2MASS J0050-3322 T7.0 (Tinney et al., 2005) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
SDSS J0119+2403 T2.0 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
WISE J0135+1715 T6.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
SIMP J0136+0933 T2.5 (Artigau et al., 2006) (Artigau et al., 2006) (Burgasser et al., 2006b)
WISEPC J0138-0322 T3.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPA J0150+3827 T0.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
SDSS J0151+1244 T0.5 (Geballe et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2004)
SDSS J0207+0000 T4.5 (Geballe et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
WISE J0210+4008 T4.5 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
WISEPC J0223-2932 T7.5 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISE J0233+3030 T6.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
2MASSI J0243-2453 T6.0 (Burgasser et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2004)
WISE J0245-3450 T8.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
SDSS J0247-1631 T2.0 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
WISEPA J0254+0223 T8.0 (Scholz et al., 2011) (Kirkpatrick et al., 2011) (Mace et al., 2013)
WISEPA J0307+2904 T6.5 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
SDSS J0325+0425 T5.5 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
WISE J0325+0831 T7.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
20
WISE J0336+2826 T5.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
SDSS J0351+4810 T1.0 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
2MASS J0407+1514 T5.0 (Burgasser et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2004)
WISEPA J0410+1411 T6.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
SDSSp J0423-0414 T0.0 (Geballe et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2004)
WISEPA J0448-1935 T5.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPA J0458+6434 T8.5 (Mainzer et al., 2011) (Kirkpatrick et al., 2011) (Mainzer et al., 2011)
WISEPA J0500-1223 T8.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
2MASS J0510-4208 T5.0 (Looper et al., 2007) (Looper et al., 2007) (Looper et al., 2007)
2MASS J0516-0445 T6.0 (Burgasser et al., 2003a) (Burgasser et al., 2006b) (Burgasser et al., 2008)
2MASS J0518-2828 T1.0 (Cruz et al., 2004) (Burgasser et al., 2006b) (Cruz et al., 2004)
WISEPA J0525+6739 T6.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISE J0546-0959 T5.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
2MASS J0559-1404 T4.5 (Burgasser et al., 2000) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
2MASS J0602+4043 T4.5 (Looper et al., 2007) (Looper et al., 2007) (Looper et al., 2007)
WISEPA J0611-0410AB T0.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPA J0623-0456 T8.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPA J0627-1114 T6.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISE J0629+2418 T2.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
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WISEPA J0656+4205 T3.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
2MASS J0729-3954 T8.0 (Looper et al., 2007) (Looper et al., 2007) (Looper et al., 2007)
SDSS J0739+6615 T1.5 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
SDSS J0741+2351 T5.0 (Knapp et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2010a)
SDSS J0742+2055 T5.0 (Knapp et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2010a)
2MASSI J0755+2212 T5.0 (Burgasser et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
WISEPA J0819-0335 T4.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPA J0821+1443 T5.5 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
SDSS J0830+0128 T4.5 (Knapp et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2010a)
SDSS J0858+3256 T1.0 (Chiu et al., 2006) (Chiu et al., 2006) (Burgasser et al., 2010a)
SDSS J0909+6525 T1.5 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
2MASS J0912+1459 T0.0 (Burgasser et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2010a)
2MASSW J0920+3517 T0.0 (Kirkpatrick et al., 2000) (Burgasser et al., 2006b) (Burgasser et al., 2010a)
SDSSp J0926+5847 T4.5 (Geballe et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2010a)
2MASSI J0937+2931 T6.0 (Burgasser et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
2MASS J0939-2448 T8.0 (Tinney et al., 2005) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
2MASS J0949-1545 T2.0 (Tinney et al., 2005) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
WISEPC J0952+1955 T6.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
2MASS J1007-4555 T5.0 (Looper et al., 2007) (Looper et al., 2007) (Looper et al., 2007)
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WISEPA J1019+6529 T6.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISE J1039-1600 T7.5 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
SDSS J1039+3256 T1.0 (Chiu et al., 2006) (Chiu et al., 2006) (Burgasser et al., 2010a)
2MASSI J1047+2124 T6.5 (Burgasser et al., 1999) (Burgasser et al., 2006b) (Burgasser et al., 2008)
SDSS J1048+0919 T2.5 (Chiu et al., 2006) (Chiu et al., 2006) (Burgasser et al., 2010a)
SDSS J1052+4422 T0.5 (Chiu et al., 2006) (Chiu et al., 2006) (Burgasser et al., 2008)
2MASS J1059+3042 T4.0 (Sheppard & Cushing, 2009) (Sheppard & Cushing, 2009) (Sheppard & Cushing, 2009)
2MASS J1106+2754 T2.5 (Looper et al., 2007) (Looper et al., 2007) (Looper et al., 2007)
2MASS J1114-2618 T7.5 (Tinney et al., 2005) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
2MASS J1122-3512 T2.0 (Tinney et al., 2005) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
WISE J1124-0421 T7.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
SDSS J1206+2813 T3.0 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
2MASS J1209-1004 T3.0 (Burgasser et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2004)
SDSS J1214+6316 T3.5 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
2MASS J1215-3420 T4.5 (Looper et al., 2007) (Looper et al., 2007) (Looper et al., 2007)
2MASSI J1217-0311 T7.5 (Burgasser et al., 1999) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
WISE J1221-3136 T6.5 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
WISE J1225-1013 T6.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
2MASS J1225-2739 T6.0 (Burgasser et al., 1999) (Burgasser et al., 2006b) (Burgasser et al., 2004)
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2MASS J1231+0847 T5.5 (Burgasser et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2004)
2MASS J1237+6526 T6.5 (Burgasser et al., 1999) (Burgasser et al., 2006b) (Liebert & Burgasser, 2007)
WISE J1257+4008 T7.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
WISEPA J1322-2340 T8.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
2MASS J1324+6358 T2.5 (Kirkpatrick et al., 2010) (Kirkpatrick et al., 2010) (Kirkpatrick et al., 2010)
SDSSp J1346-0031 T6.5 (Tsvetanov et al., 2000) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
WISE J1348-1344 T5.5 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
SDSS J1358+3747 T4.5 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
WISE J1400-3850 T4.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
2MASS J1404-3159 T2.5 (Looper et al., 2007) (Looper et al., 2007) (Looper et al., 2007)
SDSS J1415+5724 T3.0 (Chiu et al., 2006) (Chiu et al., 2006) (Burgasser et al., 2010a)
ULAS J1416+1348B T7.5 (Scholz, 2010) (Burgasser et al., 2010b) (Burgasser et al., 2010b)
SDSS J1435+1129 T2.0 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
SDSS J1439+3042 T2.5 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
WISEPC J1457+5815 T7.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
SDSS J1511+0607 T2.0 (Albert et al., 2011) (Albert et al., 2011) (Chiu et al., 2006)
SDSS J1516+0259 T0.0 (Knapp et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2010a)
SDSS J1516+3053 T0.5 (Chiu et al., 2006) (Chiu et al., 2006) (Burgasser et al., 2010a)
SDSS J1520+3546 T0.0 (Chiu et al., 2006) (Chiu et al., 2006) (Burgasser et al., 2010a)
24
SDSS J1521+0131 T2.0 (Knapp et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2010a)
2MASSI J1534-2952 T5.5 (Burgasser et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2010a)
WISE J1543-0439 T5.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
2MASS J1546+4932 T2.5 (Metchev et al., 2008) (Metchev et al., 2008) (Burgasser et al., 2010a)
2MASSI J1553+1532 T7.0 (Burgasser et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2010c)
2MASS J1615+1340 T6.0 (Looper et al., 2007) (Looper et al., 2007) (Looper et al., 2007)
WISEPA J1622-0959 T6.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPA J1627+3255 T6.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISE J1632+0329 T5.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
WISE J1636-0743 T4.5 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
WISEPA J1653+4444 T8.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPA J1711+3500 T8.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISE J1721+1117 T6.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
WISEPA J1728+5716 T6.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISE J1730+4207 T0.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
WISE J1734+5023 T4.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
WISE J1741+1327 T5.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
SDSSp J1750+1759 T3.5 (Geballe et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2004)
WISE J1809-0448 T0.5 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
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WISE J1809+3838 T7.5 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
2MASS J1828-4849 T5.5 (Burgasser et al., 2004) (Burgasser et al., 2004) (Burgasser et al., 2004)
WISEPA J1852+3537 T7.0 (Kirkpatrick et al., 2011) (Mace et al., 2013) (Kirkpatrick et al., 2011)
WISEPA J1906+4508 T6.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISE J1928+2356 T6.0 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
WISE J2008-0834 T5.5 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
SDSS J2047-0718 T0.0 (Knapp et al., 2004) (Burgasser et al., 2006b) (Burgasser et al., 2010a)
SDSS J2052-1609 T1.0 (Chiu et al., 2006) (Chiu et al., 2006) (Chiu et al., 2006)
SDSS J2124+0100 T5.0 (Knapp et al., 2004) (Burgasser et al., 2006b) (Chiu et al., 2006)
2MASS J2139+0220 T1.5 (Reid et al., 2008) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
2MASS J2144+1446 T2.5 (Luhman et al., 2007) (Luhman et al., 2007) (Luhman et al., 2007)
2MASS J2154-1023 T4.5 (Looper et al., 2007) (Looper et al., 2007) (Looper et al., 2007)
WISEPC J2213+0911 T7.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPC J2226+0440 T8.5 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
2MASS J2228-4310 T6.0 (Burgasser et al., 2003b) (Burgasser et al., 2006b) (Burgasser et al., 2004)
WISEPC J2237-0614 T5.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPC J2239+1617 T3.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPC J2255-3118 T8.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISE J2301+0216 T6.5 (Mace et al., 2013) (Mace et al., 2013) (Mace et al., 2013)
26
WISEPC J2319-1844 T7.5 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPC J2340-0745 T7.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
WISEPC J2348-1028 T7.0 (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011) (Kirkpatrick et al., 2011)
2MASSI J2356-1553 T5.0 (Burgasser et al., 2002) (Burgasser et al., 2006b) (Burgasser et al., 2006b)
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2.2 Model Grids
To estimate the primary and secondary parameters of the objects in our sample, we
compare their observed spectra with the synthetic spectra of existing model grids that aim to
reproduce the underlying atmospheric physics of cool brown dwarfs and provide quantitative
atmospheric parameters. We test our sample of objects against three model grids (Allard
et al., 2012; Morley et al., 2012; Saumon et al., 2012) which are distinct in their treatment of
dust and cloud chemistry. Each grid is variable in effective temperature and surface gravity
(log[g]), and vary in the treatment of cloud sedimentation efficiency (fsed) and vertical mixing
(kzz) parameters, as shown in Table ??. All four model sets presented here cover the T dwarf
Teff range (400-1600 K). Though T dwarf atmospheric models have simpler cloud complexity
than L dwarfs, the incorporation of the H2O, NH3, and methane line lists into the models is
still difficult. After the L/T transition, the condensed particles fall below the photosphere
(Saumon et al., 2012) and are not obtainable to interact with the gas phase particles at these
cooler temperatures below the condensation temperature (Morley et al., 2012). By examining
the results from four different model atmosphere suites, we are able to fully analyze the T
dwarf spectral class as a whole, and look more closely at the early T dwarfs still in the
L/T transition and the late type T dwarfs entering the T/Y transition and exoplanet mass
regime, as described in the subsections below from Giorla Godfrey et al. 2017a (in prep).
2.2.1 BT-Settl 2013
From the BT-Settl 2013 model grid (Allard et al., 2012), we use a temperature range
of 400-1600 K suitable for late-type brown dwarfs with methane (Allard et al., 2012). The
temperatures increment in 50K steps. The surface gravity values range from 0.0-5.5 dex with
0.5 dex steps. The cloud model used in the BT-Settl model is a parameter-free cloud model.
The diffusion coefficient is calculated from the 2D radiative hydrodynamic simulations of
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Freytag et al. (2010) which determine the mixing processes (convection, overshoot, gravity
waves, etc.) as a function of depth in the atmosphere. The models are updated with the
Barber et al. (2006) BT2 water line list, the Homeier et al. (2003) STDS methane line list,
the Sharp & Burrows (2007) ammonia line list, and the Tashkun et al. (2004) CO2 opacity
line list which include the detection of carbon dioxide (Tsuji et al., 2011) and the under-
abundance of ammonia (Saumon et al., 2006) in cool brown dwarfs. A full list can be found
in Allard et al. (2012).
2.2.2 MORLEY 2012
The Morley et al. (2012) models (hereafter, MORLEY 2012) include condensates that
form at lower Teff than the silicates and iron of the L dwarfs. These condensate (Cr, MnS,
Na2S, ZnS, and KCl) clouds, dominated by sulfides, are calculated from the Ackerman &
Marley (2001) cloud model and informed by the chemistry calculations of Visscher et al.
(2006) which predicted the condensation of these species. This grid aims to reproduce T
dwarfs from 400-1300 K, with surface gravities from log(g) (cgs) 4.0-5.5 and condensate
sedimentation efficiencies from fsed of 2 to 5. Morley et al. (2012) describe these models as
especially appropriate for late T dwarfs cooler than about 800 K, where T dwarfs of type T8
and later are systematically redder than the cloudless models show in J−K and J−H colors.
Morley et al. (2012) predict that the reddening of the cooler T dwarf spectra is largely due
to the formation of new condensates arising from equilibrium chemistry calculations, and
less due to the leftover patchy iron and silicate clouds from the L/T transition (Burgasser
et al., 2010c). Morley et al. (2012) suggest assuming a larger fsed of 4 or 5 to better match
the observed photometric colors of T dwarfs than the fsed of 2±1 which matches well for L
dwarfs.
2.3. COMPLETING THE MODEL GRIDS 29
2.2.3 SAUMON 2012
We use the cloudless Saumon et al. (2012) models (hereafter, SAUMON 2012) with new
H2 collision-induced absorption (CIA) and NH3 opacities from first-principles calculations.
The models have effective temperatures from 200-1500 K, surface gravities from 3.0-5.5 dex,
and are appropriate for mid-late T dwarfs cooler than 1100-1200 K. Saumon et al. (2012)
notes that in the cloudy models relevant to L and early T dwarfs, the iron/silicate clouds
conceal the opacities of both H2 CIA and NH3. This motivates our use of the cloudless models
for T dwarfs later than T4. Incomplete methane line lists are still causing discrepancies in
the goodness of their model fits to T dwarf spectra, such as Gliese 570D, but there is a
significant improvement in the overall fits because of the successful new ammonia treatment.
2.3 Completing the Model Grids
It is easiest to fit models with similar spacing in parameter space, but these are not
always available. An incomplete model grid occurs when there is no synthetic spectrum
corresponding to a set of parameters, usually due to a lack of a converging model in the
calculation for those parameters. To produce an evenly sampled parameter space we inter-
polate over the holes in the model grids. We use a piece-wise linear interpolant, constructed
by triangulating the input data1, between the finite grid of the existing model spectra, to
fill the gaps. Our interpolation is dispatched in N dimensions, to account for the variable
number of parameters in each grid.
To test the accuracy of our method, we used the mostly continuous BT-Settl 2013 model
grid to test the accuracy of creating a model via interpolation between the bounding, existing
models. We remove, in increments of 50 K, a model, where that model already exists and
1http://docs.scipy.org/doc/scipy-0.16.0/reference/generated/scipy.interpolate.
LinearNDInterpolator.html
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where a model 50 K above and 50 K below it also exists. The chosen model was then remade
from the ±50 K models in all directions of parameter space, and checked for its accuracy
in the reproduction such as shown in Figure 2.4 which displays an example model of 700 K
and log(g) 5.0 dex that was recreated using the existing boundary models and reproduces
the original model well. This method produces reasonable results for interpolation of a grid
from 400-1600 K, as shown in Figure 2.5 which highlights not only the reliability of this
method but the potential room for improvement in the continuous spectral morphology of
the models over the selected temperature range,and motivated my usage of this method to
complete the remaining three grids used in our analysis.
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Table 2.2 Description of model grid parameter space and resolution used in this work.
Model Grid Teff (K), steps log(g) (dex), steps fsed, steps
BT Settl 2013 400-1600, 50 3.0-5.5, 0.5 N/A
MORLEY 2012 400-1300, 100 4.0-5.5, 0.5 2.0-5.0, 1.0
SAUMON 2012 200-1500, 50 3.0-5.5, 0.25 N/A
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Figure 2.4 A comparison of the original 700 K and log(g) 5.0 dex BT-Settl 2013 model
(black) to the one newly created (red) via interpolation of the 600 K log(g) 5.0 dex (green)
and the 800 K log(g) 5.0 dex (blue) models. Interpolation of the boundary models creates
a sufficiently similar model to the original, and in some cases, creates a model that follows
more closely with the spectral morphology of the grid across decreasing temperature.
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Figure 2.5 The original BT-Settl 2013 model grid from 1600 K to 400 K in log(g) 5.0 dex.
and the recalculated version via interpolation between models to determine the efficiency
of filling grid holes with this method. In some cases, interpolation has created models that
better follow the expected spectral morphology of the model grid.
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2.4 Reduced χ2
A computationally inexpensive fitting routine that is commonly used in model fitting
analysis, akin to Cushing et al. (2008) and Stephens et al. (2009) is a replication of a reduced
χ2 statistic. Each object is aligned with each model from the model grid via a normalization
constant, c, where,
c =
∑ fluxobjifluxmodeli
unc2obji∑ fluxmodelifluxmodeli
unc2obji
(2.1)
where fluxobj is the flux from the observed spectrum, fluxmodel is the flux from the current
model spectrum, and uncobj is the uncertainty array from the observed spectrum. This
makes the flux under each spectrum equivalent.
The reduced χ2 value is then calculated between the difference in each flux point of the
overlaid spectra via:
χ2 =
∑ fluxobji−cfluxmodeli
unc2obji
ν
(2.2)
where ν is the number of degrees of freedom in the object’s spectrum and is determined
by the number of wavelength points minus the number of free parameters. In some cases
the degrees of freedom is not used in the equation, rendering the reduced χ2 a normal χ2
statistic. This method produces a χ2 value per model for the object it was fit to, and these
values for the entire grid result in a Gaussian-like distribution of χ2 versus spectral type. An
example is shown in Figure 2.6 for T5 object WISE J054601.19-095947.5 (Mace et al., 2013).
The minimum χ2 value (the lowest point on Figure 2.6) is considered the best fitting result,
and its corresponding model parameters are taken as the best fit parameters. Though this
approach is mathematically similar to a true χ2 statistic, the calculation does not follow a
true χ2 distribution as a result of the models having systematic errors (Cushing et al., 2008).
Therefore, standard hypothesis testing techniques are not valid here, and uncertainties are
determined in a qualitative manner by examining the results of each individual fit and the
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relationship across the entire Teff sample.
This method produces questionable results because of its difficulty in handling low-
fidelity models, and lacks statistically significant uncertainties on the constrained param-
eters. Though a χ2 statistic has the advantage of exploring the entire parameter space,
we find it necessary to use a more sophisticated routine that can more deeply explore the
converged parameter space within the grid, and between grid points.
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Figure 2.6 The χ2 goodness of fit value versus Teff for each model in the BT-Settl 2013 model
grid compared to an example object. The color of the points represents the log(g) parameter.
This relationship should depict a Gaussian distribution with the minimum goodness of fit
value representing the best fitting model and its corresponding Teff and log(g) parameters.
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2.5 MCMC
This section is taken from Giorla Godfrey et al. 2017a (in prep.)
Markov-Chain Monte Carlo (MCMC) is a Bayesian inference method which provides
reliable, though possibly underestimated uncertainties, and can handle fits to multiple pa-
rameters simultaneously. We began our analysis with a χ2 fit which produces Teff versus
spectral type trends that do not closely follow the polynomial trends of Stephens et al.
(2009) or Filippazzo et al. (2015), and with uncertainties only determined by eye that did
not explain the discrepancies in the results of each grid.
For the MCMC fits, we use a forward model that combines the atmospheric model param-
eters with several nuisance parameters. These nuisance parameters model the uncertainty
on the model flux and the normalization of the model and parameter.
2.5.1 Atmospheric model parameters and nuisance parameters
As discussed in further detail below, each atmospheric model provides synthetic spectra
corresponding to a grid of Teff and log(g) values, sometimes with other parameters (see
Table ??). We denote the model parameters as φ = {Teff , log(g), fsed, kzz)}, the synthetic
spectrum as M(φ), and individual synthetic flux points as Mi(φ).
In addition to the atmospheric model parameters, we model a tolerance parameter (s)
that accounts for the discrepancy between the models and data. Resampling the data within
the listed uncertainties is not enough to estimate the uncertainty on output parameter values
because even the best-fitting models do not replicate the data well across an entire wavelength
range. The photon-noise uncertainties (σ0) included in the data are several times smaller
than the median difference between the best-fitting model and the data. Therefore, the
uncertainties on the data underestimate our true understanding of the system at hand. The
tolerance parameter can be considered an uncertainty on the model, and so we add it in
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quadrature to σ0.
We begin by scaling the models by a single constant C so that the total flux underneath
the model and data are the same. This avoids biasing the fit by our choice of normalization
point.
The NIR spectra of many brown dwarfs exhibit additional reddening on top of the Teff -
and log(g)-sensitive features used for spectral typing (e.g. , Cruz et al. in prep). Figure 2.7
shows an example of this reddening on a set of T0 spectra—although the spectra have been
normalized so that they have the same J band peak, their various spectral slopes lead to
drastically different H and K band peaks. In L dwarfs, this reddening has been shown to
result from a fine dust haze above the main atmosphere (Marocco et al., 2014; Hiranaka
et al., 2016). However, this dust haze is not yet included in atmospheric models, meaning
that an otherwise accurate cloud model would fit two out of three bands poorly.
We therefore model a set of normalization parameters that account for the unknown
reddening in the spectrum. The normalization parameters (N = {Nb}, where b refers to the
relevant band) shift the individual J, H, and K bands up or down relative to the initial flux
scaling. When only one band is being fit, we only model a single N value.
We marginalize over s and {N} to determine the final values for the atmospheric model
parameters.
2.5.2 Fitting Procedure
We define the data generally as D and the observed flux points as fi, and calculate the
likelihood Li = Li(D|φ,N, s) at each point using a modified χ2 statistic:
Li = 1√
2pi N2b (σ
2
0,i + s
2)
exp
[
−1
2
(fi − C Nb Mi)2
N2b (σ
2
0,i + s
2)
]
(2.3)
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The likelihood L = L(D|φ,N, s) of the entire model is the product of the likelihood at each
point
L =
∏
i
Li (2.4)
However, it is more computationally efficient to use the natural logarithm of the likelihood
L(D|φ,N, s) = L = ln(L) =
∑
i
ln(Li) (2.5)
and therefore
L = −1
2
∑
i
[
(fi − C Nb Mi)2
N2b (σ
2
0,i + s
2)
+ ln(2pi N2b (σ
2
0,i + s
2)
]
(2.6)
We assume flat priors over the parameter space, such that Pr(φ,N, s) = 1 if synthetic
spectra exist for that φ, and Pr = 0 elsewhere. The natural logarithm of the prior is
Pr(φ,N, s) = ln(Pr) = 0 in the valid parameter space, and Pr(φ,N, s) = ∞ elsewhere.
Thus the natural logarithm of the posterior probability can be computed as
P (φ,N, s|D) = L(D|φ,N, s) + Pr(φ,N, s) (2.7)
We do not use the prior to constrain surface gravity for objects of different ages (as in
Manjavacas et al., 2014) because if the models are accurate, the gravities will also be accurate.
The presence of unphysically high or low gravities in our fit results will help indicate where
the models still struggle to replicate the data.
Using this formula for the posterior probability, we fit each set of synthetic spectra to
each observed spectrum using a Markov-Chain Monte Carlo (MCMC) algorithm. MCMC
provides a sampling approximation to the full probability distribution function (PDF), from
which we measure the maximum a posteriori (MAP) model parameters, and uncertainties
on those parameters. A full description of MCMC is beyond the scope of this work; for more
details, see, e.g., Ford (2005) or Ivezic´ et al. (2013).
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We use the open-source python MCMC method, emcee (Foreman-Mackey et al., 2013),
to fit the modeled spectra to observed spectra. Emcee implements the Goodman-Weare
algorithm (Goodman & Weare, 2010), which deploys an ensemble of chains, called walkers.
These walkers explore the parameter space more efficiently than the single chain in the more
commonly used Metropolis-Hastings chain.
We initialize the walkers in a small Gaussian distribution around a point chosen by
χ2 minimization. From there, the walkers spread out to sample the posterior probability
distribution. We take the 50th quantile of the results as our MAP model, and our 1σ
uncertainties correspond to the 16th and 84th quantiles, respectively. The posterior PDF
is not necessarily Gaussian, but we select these quantiles to be consistent with Gaussian
uncertainties, as shown in Figure 2.8 which displays the corner plot result of T5 object
WISE J054601.19-095947.5.
In some cases, the MAP model parameters do not exist as a model spectrum on the
model grid. We interpolate between existing surrounding model spectra to create the MAP
model spectrum for use in our qualitative analysis.
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Figure 2.7 Spectra of the T0 portion of the sample normalized to the J band flux peak. A
spreading out of the spectra at redder wavelengths is exhibited in K band for these objects.
This can influence our choice of normalization, so we use a calculated scaling factor to bypass
this.
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Figure 2.8 An example posterior distribution result of an MCMC fitting of the BT-Settl
2013 model grid to one object. In the bottom left panel the contour represents log(g) versus
Teff . The center of the contour represents the best fitting model’s parameters. The top
panel and the bottom right panel show the Gaussian-like distribution centered on the best
fitting model’s Teff and log(g) parameter, respectively. The three dashed lines on each of
these panels represent the 16th, 50th, and 84th quantile fit parameters.
Chapter 3
T Dwarf Model Fits- Comparing
Model Grids
3.1 Motivation
As described in Chapter 2, I explore two model fitting procedures- a χ2-like goodness
of fit statistic and a Markov Chain Monte Carlo (MCMC)- in the quest to disentangle the
non-monotonic Teff - spectral type relationship of cool brown dwarfs, and understand how
physical properties effect spectral morphology. To tackle this, I estimate the primary param-
eters (Teff , log(g), and fsed where applicable) for the largest sample of field age T dwarfs
spanning the full T dwarf spectral class T0-T9 via synthetic model fitting. I perform this
analysis for three different model grids to better constrain the primary parameter estimations
and infer which model grids best reproduce particular spectral morphology features. I aim
to evaluate where three chosen model grids best reproduce the full 0.9-2.4µm low resolution,
near-infrared (NIR) spectra of T0-T9 brown dwarfs that span effective temperatures between
∼ 400− 1600 K.
The spectral standards (Burgasser et al., 2006b) are included in this large sample, and
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by analyzing other objects with similar fit results to the standards, this can suggest new
standard candidates for expansion of the T dwarf standards sample. Using T dwarf spectra
as exoplanet analogs also suggests a need for T dwarf spectral templates akin to the L dwarf
spectral templates of Cruz et al. 2017 (in prep) for reliable atmospheric characterization of
cool companions. This work provides the first multi-model analysis of a large sample of T
dwarfs with full NIR low resolution spectra.
3.2 Method
The sample of T dwarfs includes 151 objects spanning T0-T9, all with low resolution
(R∼ 75 − 100) NIR SpeX Prism spectra. The spectral type distribution of my sample is
described in Chapter 2. For the model fitting analysis, I chose three publicly available model
grids that aim to reproduce low mass brown dwarf spectra, and I focus on fitting across the
entire NIR low resolution 0.9-2.3µm observed spectrum for each object.
A robust Markov-Chain Monte Carlo (MCMC) fitting routine is used to compare each
grid of synthetic spectra to each observed T dwarf spectrum in my sample. MCMC explores
the entire parameter space of the model grid, and explores space between grid points by
interpolation to further constrain the best fitting model parameters. Quantitative uncer-
tainties are derived from the 16th, 50th, and 84th quantile values, which correspond to 1σ for
the Gaussian-like posterior distribution of each parameter.
3.3 Results
The best fit model results and uncertainties (50th, 16th and 84th quantiles) for all 151
objects are represented by posterior distributions for each parameter per object, per model
grid. These posterior distributions provide the numerical best fit model parameters (Table
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3.1) and are shown in figures in Appendix A.1.1.
The best fit models are normalized to the object spectrum via a normalization constant,
c, where,
c =
∑
fluxobjfluxmodel∑
fluxmodelfluxmodel
(3.1)
where fluxobj is the flux from the observed spectrum and fluxmodel is the flux from the
current model spectrum. The best fit model from each of the three model grids per object
are overplotted with the best fit model spectrum. The uncertainty on the flux of the object
is represented by gray shading around each flux point, but in some cases the uncertainty is
smaller than the data point and is not visible on the plot. The best fit model parameters
are displayed in the legend. Figures 3.1 - 3.10 show the best fit models for the spectral
standards sample in order of spectral type T0-T9. A full figure set for all objects can be
found in Appendix A.1.2. From these figures, I am able to qualitatively analyze the best fit
models per object and compare between model grids:
The BT-Settl 2013 model fits to the observed spectra show a significant reduced flux in
the Y- and J- bands across the early spectral types that begins to resolve around T6. The
H- band appears to be the best fitting band from T0-T2.5 when it begins to show an over-
estimation of flux from T3-T6. The K- band also shows fits with more flux in the that band
than the object has, which also appears to resolve itself around the mid-Ts. This missing flux
in the Y- and J- bands and extra flux in the H- and K- bands could be resolved with a shift in
the color of the model spectrum. The best fitting model spectra are redder than the object
spectra for the early- and mid- T dwarfs, showing more flux at longer wavelengths. Shifting
the models to a bluer color which would have more flux at shorter wavlengths would resolve
these improper fits. The models better reproduce the object spectra in the later spectral
types, where notably the T9 spectral standard is very well-reproduced by the BT-Settl 2013
best fit model, seen in Figure 3.10.
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The SAUMON 2012 model fits to the observed spectra show that the flux is under-
estimated in the Y- band until ∼T4. The J- band flux starts off bluer for T0 and T1 but
begins to match the obeserved J- band flux better after T2. In the mid T types, the observed
spectra are well-reproduced in the J- and H- bands. The K- band flux is consistently and
dramatically over-estimated compared to the observed spectra across the spectral types T0-
T9. The SAUMON 2012 model grid is a cloudless (though updated) version of the Saumon
& Marley (2008) models. Cloudy models better reproduce early T dwarfs than no cloud
models (Stephens et al., 2009; Cushing et al., 2008). This can be seen in H- and K- band in
Figure 3.11 where several models from both grids are shown overplotted with L/T transition
object HD 4747B (more detail on this object in Chapter 5). This model grid would also
benefit from the color shifting suggested for the BT-Settl 2013 models, but keeping J- band
as a pivot point for normalization.
The MORLEY 2012 best fit models follow similar trends as the SAUMON 2012 best
fit models, though better reproduce J- and H- band until T3 where the models tend to be
significantly lower in flux in J- band compared to the observed spectrum, similar to the
BT-Settl 2013 best fit model fit. This model grid only rises to an Teff of 1300 K, therefore
limiting potential better fit results for T0 and T1 objects, where the BT-Settl 2013 and
SAUMON 2012 model grids predict best fit temperatures roughly 100-150 K hotter. This
grid produces a best fit model that fits very well to J- and H- band for the T8 (Figure 3.9)
and T9 (Figure 3.10) standards, which aligns with the goal of the model grid to reproduce
spectra into the later T and early Y dwarf spectral types.
J- band has a particular potassium absorption feature at 1.25µm which is ill-reproduced
by the model grids. The BT-Settl 2013 models indicate that the absorption feature is
represented in the synthetic spectra, however, the strength of the feature is very weak and
sometimes appears to not be there. The SAUMON 2012 models show this feature much
more strongly than observed spectra indicate. The MORLEY 2012 models follow a similar
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profile, though less strong and does the best job of reproducing the feature, though the flux
across the full J- band is not always well matched to the observed spectrum and therefore
the features do not line up. Looking closely at H- band, there is a double peak the begins at
∼1.65µm. All three grids over-estimate the flux for the second peak across the full T0-T9,
with exception of the BT-Settl 2013 grid which occasionally reproduces the H- band best in
the T0s, where this double peak is weak, by using a smooth H- band that doesn’t incorporate
a second peak. The second peak drastically reduces toward the later T types and the three
model grids follow accordingly but still do not reduce the flux enough to match the minimal
peak. The K- band model flux is consistently over-estimated across all spectral types for all
three grids. Similarly, the Y- band model flux is repeatedly under-estimated for all three
grids from T0-T9.
3.3.1 Temperature as a Function of Spectral Type
To determine the consistency of the Teff -spectral type relationship with the results of
other methods, I evaluate the relationship of the best fit model Teff to spectral type over
the T0-T9 range, as shown in Figure 3.12. In this figure, log(g) is represented by color
saturation. The Teff and log(g) are the result of the best fit model parameters from the
MCMC fitting routine. Each panel represents one of the three model grids and gray shaded
regions indicate temperatures where models do not exist for that grid. The MORLEY 2012
model grid includes an fsed parameter, shown by different sized points where larger points
correspond to optically thinner clouds.
Teff is expected to decrease smoothly with spectral type as shown in the relations of
Stephens et al. (2009) and Filippazzo et al. (2015) displayed in blue and green on Figure
3.12, respectively. In Stephens et al. (2009) the relationship was derived from a revised
version of the Golimowski et al. (2004) sample with atmosphere model fits of 1-10µm spectra
of T0-T5.5 dwarfs to Saumon & Marley (2008) models. Filippazzo et al. (2015) obtained
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their relationship for M6-T9 objects from evolutionary model temperature estimates derived
from precise bolometric luminosities from full spectral energy distributions. The shape of
the Filippazzo et al. (2015) polynomial mostly agrees with the Stephens et al. (2009) relation
except where the Filippazzo et al. (2015) relation obtains temperatures about 50 K cooler
for mid-T dwarfs.
I find that all three models reproduce a decreasing relationship between Teff and spectral
type across the T0-T9 spectral class range, as expected, but do not do so in consistent,
reproduceable ways.
The BT-Settl 2013 model grid most closely describes the relation of Filippazzo et al.
(2015), though appears more linear across T0-T9 than smoothly decreasing. The predicted
temperatures of the early T0-T2 dwarfs are ∼100-150 K warmer than the relations predict.
This occurs again for the later T8 and T9 dwarfs.
The MORLEY 2012 model grid is limited by a maximum temperature of 1300 K which
results in a flat trend from T0-T3. There is a pronounced dip in the Teff versus spectral type
relation occurring at T3, instead of following a smooth decrease. This results in the Teff
estimation for mid-late T dwarfs being on the order of ∼ 200 K cooler than the polynomial
relations suggest for T3.5-T7. This model grid includes a sedimentation factor, fsed which
is indicated in the results by the size of the data points. Larger data points correspond
to higher fsed values and optically thinner clouds which contain bigger particles. Smaller
data points correspond to lower fsed values and taller, optically thicker clouds with smaller
particles that produce more scattering and less opacity. These results are consistent with
predictions of clouds in early T dwarfs and a disappearance of clouds in mid- to late- T
dwarfs.
The SAUMON 2012 model grid follows a similar, but less dramatic trend as the MORLEY
2012 model grid with a flat shape from T0-T3 and a slighter drop off in Teff occuring at
T4.5-T5, which results in a 100 K discrepancy for the T5-T7.5 objects from the polynomial
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relations. Two outliers are present in this panel. The T6 outlier, 0627-1114 shown in Figure
3.13, has a best fitting model temperature parameter 250-400 K cooler than those from
the MORLEY 2012 and BT-Settl 2013 grids, respectively. The J- band and H- band flux
peaks are much higher than normal for this grid in this temperature range. Conversely, K-
band produces a very tight fit for this object which is unlike any other object in the T0-T9
sample. The T8 outlier, 0500-1223 shown in Figure 3.14 has a best fit model temperature
parameter 600-900K warmer than the BT-Settl 2013 and MORLEY 2012 grids. The model
does not fit the object well across any band, severly under-estimating the flux in the Y-
and J- bands with a shifted H- band flux peak. This object itself has an unusually noisy
spectrum with high flux uncertainties. It appears that the SAUMON 2012 model fit well
within the uncertainties of the noisy wavelength ranges between the bands, accounting for
the incorrect temperature estimate of a T8 object.
3.3.2 Surface Gravity
The best fit model estimations for log(g) from all three model grids shows a decrease
as the Teff decreases (color saturation lightening in Figure 3.12). This result is real. An
artifact of brown dwarf mass not being significant enough to ignite hydrogen fusion means
that brown dwarfs cool over their lifetimes and shrink until their radius reaches a minimum
size established by hydrostatic equilibrium with electron degeneracy pressure. Therefore, for
field age brown dwarfs, cooler T dwarfs will inherently be lower mass and approximately the
same radius as the warmer brown dwarfs, hence their surface gravity will be weaker with a
corresponding lower log(g) (cgs units) value for cooler, lower-mass objects. From the hybrid
solar Saumon & Marley (2008) evolutionary models which are derived from the atmosphere
models that incorporate a sequence over the L/T transition from cloudy to clear atmospheres
(see Figure 3.15), I estimate a log(g) transformation of ∼ 0.6−0.9dex, for objects of the same
age with different temperatures (a direct relation to objects of the same age with different
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masses). This is closely reflected in Figure 3.12 where log(g) decreases by ∼ 1dex for each of
the three model grids across T0-T9. Because the sample of T dwarfs used in this work are
roughly all field age (>100Myr), the log(g) estimates of the SAUMON 2012 grid are ∼ 1dex
lower than both evolutionary models suggest and when compared to the log(g) estimates of
the BT-Settl 2013 and MORLEY 2012 model grids.
3.4 Limitations
Synthetic spectral fitting exposes limitations and uncertainties in the observed spectra,
the fitting routine, and the models. These limitations are important to understand to better
inform observational analysis.
3.4.1 Spectra
Challenges of the observed spectra include:
· Spectral reduction processes, resolution, SNR of data, and seeing quality during observing
produce noisy spectra which can greatly affect model fits (described in detail in Chapter
4 Results)
· Brown dwarf cloud variability in the L/T transition spectral type range can indicate
larger or more highly contrasting cloud features that should be considered in models
(Radigan, 2014)
3.4.2 Models
· Within the individual grids of parameter space, a point (or model with those particular
parameters) may not have converged properly and is left out. To fill the grid holes,
I interpolate between the neighboring models to create the missing model. Though
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it was shown in Chapter 2 that this method produces reliable new spectra where the
grid hole was, the model grid left out that model for a reason, usually because the
atmospheric structure was not converged. This then introduces a possible discrepancy
of the atmospheric physics within our generated model.
· The models themselves do not contain uncertainties on the flux, and can therefore not be
taken into account in the MCMC routine.
· Molecular line lists are not particularly well-developed for methane and this can greatly
affect the models particularly in H- band (Morley et al., 2012; Saumon et al., 2012).
· The uncertainties on the Teff from our model fits are underestimated due to current issues
in atmosphere reproduction. Our 1σ uncertainties on the 50th quantile of the results,
corresponding to the 16th and 84th quantiles of the goodness of fit distribution are small,
on an average of ∼ 20 K and ranging from ∼ 5 − 80 K, as a result of the model fits
producing poor results when taken at each individual wavelength point (large number
of degrees of freedom).
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T0.0,  1207+0244
BT-Settl 2013, [1378, 5.26]
Saumon+2012, [1424, 4.75]
Morley+2012, [1296, 2.02, 5.49]
Figure 3.1 The observed T dwarf spectrum for the T0 spectral standard, 1207+0244, (black)
is overplotted with the best fitting model from each model grid determined via the MCMC
fitting routine. The best fit parameters are shown in the legend and represent [Teff , log(g)]
for the BT-Settl 2013 and SAUMON 2012 grids and [Teff , fsed, log(g)] for the MORLEY
2012 grid. This best fit model is created from an interpolation between models existing on
grid points in parameter space and normalized to the observed spectrum via a normalization
constant defined by equating the area under the observed and model spectra. Uncertainty
on the observed flux is shown in light gray shading above/below the flux points.
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Figure 3.2 The observed T dwarf spectrum for the T1 spectral standard, 0837-0000, (black)
is overplotted with the best fitting model from each model grid determined via the MCMC
fitting routine. The best fit parameters are shown in the legend and represent [Teff , log(g)]
for the BT-Settl 2013 and SAUMON 2012 grids and [Teff , fsed, log(g)] for the MORLEY
2012 grid. This best fit model is created from an interpolation between models existing on
grid points in parameter space and normalized to the observed spectrum via a normalization
constant defined by equating the area under the observed and model spectra. Uncertainty
on the observed flux is shown in light gray shading above/below the flux points.
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Morley+2012, [1292, 2.02, 5.49]
Figure 3.3 The observed T dwarf spectrum for the T2 spectral standard, 1254-0122, (black)
is overplotted with the best fitting model from each model grid determined via the MCMC
fitting routine. The best fit parameters are shown in the legend and represent [Teff , log(g)]
for the BT-Settl 2013 and SAUMON 2012 grids and [Teff , fsed, log(g)] for the MORLEY
2012 grid. This best fit model is created from an interpolation between models existing on
grid points in parameter space and normalized to the observed spectrum via a normalization
constant defined by equating the area under the observed and model spectra. Uncertainty
on the observed flux is shown in light gray shading above/below the flux points.
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Figure 3.4 The observed T dwarf spectrum for the T3 spectral standard, 1021-0304, (black)
is overplotted with the best fitting model from each model grid determined via the MCMC
fitting routine. The best fit parameters are shown in the legend and represent [Teff , log(g)]
for the BT-Settl 2013 and SAUMON 2012 grids and [Teff , fsed, log(g)] for the MORLEY
2012 grid. This best fit model is created from an interpolation between models existing on
grid points in parameter space and normalized to the observed spectrum via a normalization
constant defined by equating the area under the observed and model spectra. Uncertainty
on the observed flux is shown in light gray shading above/below the flux points.
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Figure 3.5 The observed T dwarf spectrum for the T4 spectral standard, 2254+3123, (black)
is overplotted with the best fitting model from each model grid determined via the MCMC
fitting routine. The best fit parameters are shown in the legend and represent [Teff , log(g)]
for the BT-Settl 2013 and SAUMON 2012 grids and [Teff , fsed, log(g)] for the MORLEY
2012 grid. This best fit model is created from an interpolation between models existing on
grid points in parameter space and normalized to the observed spectrum via a normalization
constant defined by equating the area under the observed and model spectra. Uncertainty
on the observed flux is shown in light gray shading above/below the flux points.
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T5.0,  1503+2525
BT-Settl 2013, [1041, 4.96]
Saumon+2012, [985, 3.97]
Morley+2012, [825, 2.65, 5.11]
Figure 3.6 The observed T dwarf spectrum for the T5 spectral standard, 1503+2525, (black)
is overplotted with the best fitting model from each model grid determined via the MCMC
fitting routine. The best fit parameters are shown in the legend and represent [Teff , log(g)]
for the BT-Settl 2013 and SAUMON 2012 grids and [Teff , fsed, log(g)] for the MORLEY
2012 grid. This best fit model is created from an interpolation between models existing on
grid points in parameter space and normalized to the observed spectrum via a normalization
constant defined by equating the area under the observed and model spectra. Uncertainty
on the observed flux is shown in light gray shading above/below the flux points.
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Figure 3.7 The observed T dwarf spectrum for the T6 spectral standard, 1624+0029, (black)
is overplotted with the best fitting model from each model grid determined via the MCMC
fitting routine. The best fit parameters are shown in the legend and represent [Teff , log(g)]
for the BT-Settl 2013 and SAUMON 2012 grids and [Teff , fsed, log(g)] for the MORLEY
2012 grid. This best fit model is created from an interpolation between models existing on
grid points in parameter space and normalized to the observed spectrum via a normalization
constant defined by equating the area under the observed and model spectra. Uncertainty
on the observed flux is shown in light gray shading above/below the flux points.
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Figure 3.8 The observed T dwarf spectrum for the T7 spectral standard, 0727+1710, (black)
is overplotted with the best fitting model from each model grid determined via the MCMC
fitting routine. The best fit parameters are shown in the legend and represent [Teff , log(g)]
for the BT-Settl 2013 and SAUMON 2012 grids and [Teff , fsed, log(g)] for the MORLEY
2012 grid. This best fit model is created from an interpolation between models existing on
grid points in parameter space and normalized to the observed spectrum via a normalization
constant defined by equating the area under the observed and model spectra. Uncertainty
on the observed flux is shown in light gray shading above/below the flux points.
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Figure 3.9 The observed T dwarf spectrum for the T8 spectral standard, 0415-0935, (black)
is overplotted with the best fitting model from each model grid determined via the MCMC
fitting routine. The best fit parameters are shown in the legend and represent [Teff , log(g)]
for the BT-Settl 2013 and SAUMON 2012 grids and [Teff , fsed, log(g)] for the MORLEY
2012 grid. This best fit model is created from an interpolation between models existing on
grid points in parameter space and normalized to the observed spectrum via a normalization
constant defined by equating the area under the observed and model spectra. Uncertainty
on the observed flux is shown in light gray shading above/below the flux points.
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Figure 3.10 The observed T dwarf spectrum for a T9, 0722-0540, (black) is overplotted with
the best fitting model from each model grid determined via the MCMC fitting routine. The
best fit parameters are shown in the legend and represent [Teff , log(g)] for the BT-Settl 2013
and SAUMON 2012 grids and [Teff , fsed, log(g)] for the MORLEY 2012 grid. This best fit
model is created from an interpolation between models existing on grid points in parameter
space and normalized to the observed spectrum via a normalization constant defined by
equating the area under the observed and model spectra. Uncertainty on the observed flux
is shown in light gray shading above/below the flux points.
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Figure 3.11 Cloudy models from Saumon & Marley (2008) and no cloud models from
SAUMON 2012 with the observed H- and K- band spectrum of high-contrast imaged com-
panion HD 4747B (Crepp et al. in prep). HD 4747B is an L/T transition object with
estimated Teff of 1200 K. The models shown here from both grids are of various tempera-
tures near 1200 K and high surface gravity. The cloudy models match the observed spectrum
better than the no cloud models, indicating that the cloudless SAUMON 2012 model grid is
not best used for early T dwarfs.
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Figure 3.12 The best fit Teff parameter as a function of spectral type (plus a small random
number offset for clearer visuals) per object. The best fit log(g) parameter per object is shown
in color via the color bar. The star points depict the spectral standards. The polynomial
relations of Stephens et al. (2009) and Filippazzo et al. (2015) are shown in a blue solid and
green dashed line, respectively. All three model grids reproduce the expected exponential
decrease in Teff towards later spectral types, however the BT-Settl 2013 and SAUMON 2012
grids overestimate the Teff for many objects in the early T dwarf range, and the Morley+
2012 and SAUMON 2012 grids result in lower Teff for objects in the mid-late T dwarf range,
when compared to the polynomial relations.
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Figure 3.13 The observed T dwarf spectrum for T6 0627-1114 (black) is overplotted with
the best fitting model from each model grid determined via the MCMC fitting routine. This
best fit model is created from an interpolation between models existing on grid points in
parameter space. Uncertainty on the observed flux is shown in light gray. This object is an
outlier on the Teff - SpT relationship trend because the best fitting model is 250-400 K cooler
than the best fitting models from the MORLEY 2012 and BT-Settl 2013 grids, respectively.
The J- band flux peak is much higher than normal for this grid in this temperature range,
and conversely K- band produces a very tight fit.
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Figure 3.14 The observed T dwarf spectrum for T8 0500-1223 (black) is overplotted with
the best fitting model from each model grid determined via the MCMC fitting routine. This
best fit model is created from an interpolation between models existing on grid points in
parameter space. Uncertainty on the observed flux is shown in light gray. This object is
an outlier on the Teff - SpT relationship trend because the best fitting model is 600-900K
warmer than the BT-Settl 2013 and MORLEY 2012 grids, and the model does not fit the
object well across any band, severly under-estimating the flux in the Y- and J- bands with
a shifted H- band flux peak. This object itself has an unusually noisy spectrum with high
flux uncertainties.
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Figure 3.15 Evolutionary models of Saumon & Marley (2008). These models incorporate the
cloudy to no cloud transition through the L/T transition and T dwarf range. Plotted here are
the age isochrones for log(g) versus Teff for field age objects (top to bottom: 10Gyr, 8Gyr,
6Gyr, 4Gyr, 3Gyr, 2Gyr, 1Gyr). Following each isochrone across this T dwarf temperature
range suggests a range of log(g) of ∼ 0.6− 0.9dex, for objects of the same age with different
temperatures (masses).
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Table 3.1: The best fit parameter results of the full NIR T dwarf spectrum fits to the BT-Settl 2013, Morley+ 2012, and
Saumon+ 2012 model grids. Uncertainties are taken from the 16th and 84th quantile fits to the Gaussian-like
distribution centered on the 50th quantile fit, or the best fit parameter.
BT-Settl 2013 Morley+ 2012 Saumon+ 2012
Shortname SpT Teff unc log(g) unc Teff unc log(g) unc fsed unc Teff unc log(g) unc
0000+2554 24.5 1119 +11/-49 4.88 +0.05/-0.33 899 +11/-9 5.43 +0.08/-0.05 2.48 +0.24/-0.20 1175 +29/-28 4.82 +0.21/-0.10
0034+0523 26.5 919 +9/-9 4.37 +0.07/-0.06 755 +19/-22 4.14 +0.08/-0.10 2.38 +0.24/-0.31 841 +15/-16 3.43 +0.15/-0.19
0039+2115 27.5 807 +10/-9 3.94 +0.09/-0.06 692 +14/-9 4.02 +0.01/-0.03 4.48 +0.46/-0.35 723 +9/-11 3.21 +0.11/-0.12
0040+0900 27.0 913 +29/-10 4.42 +0.26/-0.06 750 +19/-23 4.11 +0.08/-0.10 2.64 +0.32/-0.46 829 +12/-14 3.39 +0.14/-0.20
0045+3611 25.0 980 +3/-4 4.51 +0.02/-0.03 817 +15/-20 4.84 +0.09/-0.10 2.17 +0.12/-0.23 923 +11/-14 3.15 +0.10/-0.14
0045+3611 25.0 980 +3/-4 4.51 +0.02/-0.03 817 +15/-20 4.84 +0.09/-0.10 2.17 +0.12/-0.23 923 +11/-14 3.15 +0.10/-0.14
0049+2151 28.5 731 +32/-8 4.00 +0.61/-0.02 659 +18/-21 4.01 +0.01/-0.02 4.85 +0.22/-0.11 670 +9/-10 3.05 +0.03/-0.06
0050-3322 27.0 889 +4/-5 4.09 +0.07/-0.09 743 +20/-24 4.03 +0.02/-0.05 3.13 +0.45/-0.58 819 +12/-14 3.41 +0.14/-0.16
0119+2403 22.0 1248 +16/-17 4.90 +0.06/-0.09 1294 +9/-5 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1297 +8/-2 4.53 +0.03/-0.05
0135+1715 26.0 950 +10/-7 4.52 +0.04/-0.08 822 +20/-26 4.87 +0.15/-0.16 4.80 +0.30/-0.15 858 +21/-21 4.92 +0.11/-0.06
0136+0933 22.5 1270 +6/-6 5.16 +0.04/-0.04 1286 +17/-10 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1198 +4/-97 3.68 +0.10/-0.86
0138-0322 23.0 1325 +5/-5 5.27 +0.03/-0.03 1290 +14/-7 5.49 +0.01/-0.01 2.02 +0.02/-0.03 1296 +6/-3 4.61 +0.07/-0.10
0150+3827 20.0 1405 +4/-3 5.39 +0.03/-0.03 1296 +6/-3 5.49 +0.01/-0.00 2.02 +0.01/-0.03 1426 +15/-14 4.75 +0.05/-0.05
0151+1244 20.5 1386 +4/-4 5.49 +0.02/-0.01 1295 +8/-4 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1198 +4/-2 3.54 +0.03/-0.09
0207+0000 24.5 1171 +38/-7 5.16 +0.29/-0.11 932 +23/-28 5.46 +0.06/-0.03 2.54 +0.23/-0.22 1219 +26/-22 4.93 +0.09/-0.05
0210+4008 24.5 1112 +14/-60 4.97 +0.08/-0.40 897 +14/-10 5.42 +0.09/-0.06 2.61 +0.28/-0.24 1155 +33/-28 4.89 +0.21/-0.07
0223-2932 27.5 795 +7/-10 4.11 +0.09/-0.11 685 +18/-14 4.03 +0.02/-0.04 4.89 +0.17/-0.08 708 +12/-12 3.72 +0.14/-0.16
0233+3030 26.0 1011 +9/-11 4.98 +0.07/-0.06 837 +23/-29 5.18 +0.14/-0.11 4.10 +0.58/-0.46 939 +21/-23 3.98 +0.31/-0.63
0243-2453 26.0 967 +4/-3 4.50 +0.04/-0.04 800 +11/-10 4.36 +0.12/-0.23 2.16 +0.11/-0.22 901 +16/-14 3.55 +0.20/-0.14
0245-3450 28.0 792 +13/-12 3.99 +0.13/-0.06 686 +20/-14 4.02 +0.02/-0.04 4.80 +0.28/-0.14 710 +15/-13 3.24 +0.12/-0.13
0247-1631 22.0 1332 +5/-6 5.20 +0.04/-0.04 1294 +10/-5 5.49 +0.01/-0.00 2.02 +0.01/-0.03 1426 +15/-13 5.23 +0.05/-0.05
0254+0223 28.0 785 +6/-6 3.98 +0.06/-0.03 689 +16/-11 4.01 +0.01/-0.02 4.84 +0.23/-0.11 708 +9/-8 3.13 +0.08/-0.10
0307+2904 26.5 942 +28/-21 4.65 +0.26/-0.30 846 +36/-39 4.38 +0.25/-0.35 4.82 +0.30/-0.14 839 +27/-28 4.91 +0.13/-0.07
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0325+0425 25.5 993 +6/-10 4.66 +0.11/-0.12 831 +18/-22 5.15 +0.22/-0.11 3.44 +0.72/-0.56 976 +18/-19 4.22 +0.27/-0.36
0325+0831 27.0 872 +6/-13 4.24 +0.16/-0.21 768 +21/-21 4.04 +0.03/-0.05 2.36 +0.24/-0.32 817 +10/-10 3.05 +0.03/-0.06
0336+2826 25.0 1093 +8/-12 5.01 +0.06/-0.08 885 +21/-14 5.42 +0.11/-0.06 3.02 +0.35/-0.38 1044 +26/-32 4.04 +0.23/-0.35
0351+4810 21.0 1311 +12/-12 4.80 +0.04/-0.05 1297 +6/-3 5.49 +0.01/-0.00 2.02 +0.01/-0.03 1425 +14/-14 4.50 +0.04/-0.04
0407+1514 25.0 997 +4/-6 4.54 +0.04/-0.06 839 +20/-24 4.81 +0.08/-0.09 2.20 +0.14/-0.25 997 +18/-19 4.08 +0.20/-0.27
0410+1411 26.0 971 +10/-14 4.78 +0.22/-0.20 862 +35/-34 5.01 +0.22/-0.20 4.83 +0.28/-0.13 887 +27/-28 4.92 +0.12/-0.06
0415-0935 28.0 784 +5/-5 3.99 +0.04/-0.03 687 +16/-11 4.01 +0.01/-0.02 4.76 +0.32/-0.18 703 +8/-7 3.07 +0.05/-0.07
0423-0414 20.0 1388 +10/-13 5.24 +0.04/-0.05 1296 +6/-3 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1426 +13/-15 4.75 +0.05/-0.05
0448-1935 25.0 1077 +8/-8 5.46 +0.06/-0.03 933 +29/-39 5.47 +0.05/-0.02 4.74 +0.32/-0.19 990 +36/-40 4.97 +0.04/-0.02
0458+6434 28.5 800 +12/-10 3.56 +0.07/-0.11 520 +15/-15 4.64 +0.22/-0.12 4.92 +0.15/-0.06 671 +29/-26 4.82 +0.14/-0.11
0500-1223 28.0 803 +18/-19 4.30 +0.23/-0.17 526 +13/-17 4.10 +0.07/-0.11 4.93 +0.13/-0.06 1425 +13/-14 4.75 +0.05/-0.05
0510-4208 25.0 1081 +14/-13 5.37 +0.13/-0.09 958 +37/-37 5.38 +0.12/-0.08 4.91 +0.14/-0.07 989 +26/-28 4.97 +0.04/-0.02
0516-0445 26.0 989 +5/-6 4.63 +0.09/-0.10 800 +11/-11 4.63 +0.18/-0.10 2.24 +0.18/-0.31 949 +16/-16 4.08 +0.21/-0.23
0518-2828 21.0 1428 +15/-11 5.10 +0.16/-0.07 1296 +7/-3 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1427 +15/-13 4.75 +0.05/-0.05
0525+6739 26.0 1031 +30/-15 5.32 +0.28/-0.13 892 +23/-15 5.29 +0.13/-0.11 4.86 +0.20/-0.10 905 +23/-24 4.97 +0.05/-0.02
0546-0959 25.0 1067 +8/-9 5.06 +0.09/-0.10 886 +22/-14 5.43 +0.08/-0.05 3.71 +0.40/-0.30 1015 +28/-32 4.11 +0.29/-0.47
0559-1404 24.5 1112 +15/-59 4.94 +0.07/-0.39 899 +13/-12 5.42 +0.11/-0.06 2.70 +0.31/-0.26 1163 +35/-25 4.90 +0.19/-0.07
0602+4043 24.5 1088 +7/-8 4.97 +0.07/-0.07 888 +19/-12 5.43 +0.10/-0.05 2.97 +0.33/-0.35 1099 +28/-25 4.65 +0.30/-0.25
0611-0410AB 20.0 1386 +9/-8 5.36 +0.04/-0.04 1296 +7/-3 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1425 +15/-14 4.75 +0.05/-0.05
0623-0456 28.0 870 +19/-12 4.34 +0.29/-0.14 754 +34/-35 4.18 +0.13/-0.20 4.83 +0.27/-0.13 749 +24/-25 4.65 +0.22/-0.19
0627-1114 26.0 975 +4/-5 4.58 +0.07/-0.10 808 +12/-15 4.32 +0.13/-0.26 2.23 +0.17/-0.32 550 +5/-5 5.23 +0.06/-0.05
0629+2418 22.0 1367 +14/-10 5.20 +0.05/-0.04 1295 +8/-4 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1425 +14/-13 4.75 +0.05/-0.05
0656+4205 23.0 1269 +5/-5 5.48 +0.03/-0.01 1077 +35/-33 5.49 +0.01/-0.01 2.02 +0.02/-0.04 1291 +95/-7 4.57 +0.76/-0.12
0722-0540 29.0 690 +7/-6 3.43 +0.03/-0.04 631 +16/-19 4.01 +0.01/-0.02 4.75 +0.30/-0.18 636 +11/-11 3.04 +0.03/-0.06
0727+1710 27.0 875 +73/-11 4.40 +0.42/-0.10 702 +7/-9 4.02 +0.01/-0.03 2.91 +0.31/-0.40 776 +13/-13 3.26 +0.10/-0.11
0729-3954 28.0 875 +10/-9 4.45 +0.17/-0.05 715 +14/-16 4.06 +0.05/-0.08 4.60 +0.46/-0.29 767 +14/-15 3.53 +0.18/-0.22
0739+6615 21.5 1304 +11/-8 5.38 +0.07/-0.06 1289 +15/-8 5.49 +0.01/-0.01 2.02 +0.02/-0.03 1399 +13/-16 5.00 +0.05/-0.05
0741+2351 25.0 998 +7/-11 4.69 +0.11/-0.10 837 +20/-24 5.18 +0.19/-0.10 3.51 +0.70/-0.53 998 +19/-19 4.58 +0.35/-0.32
0742+2055 25.0 1044 +26/-16 4.97 +0.20/-0.10 830 +19/-24 5.06 +0.19/-0.20 2.61 +0.45/-0.70 985 +20/-20 3.94 +0.21/-0.25
0755+2212 25.0 1053 +32/-12 5.00 +0.21/-0.12 870 +25/-22 5.36 +0.09/-0.08 3.59 +0.47/-0.39 1024 +22/-22 4.63 +0.39/-0.28
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0819-0335 24.0 1182 +5/-5 5.12 +0.08/-0.07 982 +28/-45 5.48 +0.02/-0.01 2.06 +0.04/-0.08 1287 +14/-9 4.96 +0.06/-0.03
0821+1443 25.5 1008 +16/-20 4.74 +0.16/-0.14 867 +28/-26 5.33 +0.11/-0.09 4.26 +0.53/-0.40 996 +23/-24 4.62 +0.37/-0.29
0830+0128 24.5 1073 +6/-7 5.05 +0.07/-0.08 882 +20/-15 5.45 +0.06/-0.04 3.51 +0.36/-0.33 1072 +19/-19 4.86 +0.20/-0.10
0837-0000 21.0 1326 +6/-6 5.25 +0.05/-0.04 1295 +8/-4 5.49 +0.02/-0.01 2.02 +0.01/-0.03 1298 +4/-2 4.53 +0.02/-0.04
0858+3256 21.0 1349 +8/-5 5.13 +0.06/-0.03 1297 +6/-2 5.49 +1.44/-0.01 2.03 +0.02/-0.08 1424 +13/-14 4.51 +0.05/-0.04
0909+6525 21.5 1320 +4/-4 5.36 +0.03/-0.03 1293 +10/-5 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1298 +4/-2 4.54 +0.03/-0.06
0912+1459 20.0 1412 +3/-3 5.37 +0.03/-0.03 1296 +6/-3 5.49 +0.01/-0.00 2.02 +0.01/-0.03 1424 +13/-13 4.50 +0.05/-0.04
0920+3517 20.0 1430 +5/-5 5.12 +0.04/-0.03 1297 +6/-3 5.49 +0.02/-0.01 2.02 +0.01/-0.03 1425 +15/-15 4.50 +0.04/-0.04
0926+5847 24.5 1101 +11/-12 4.82 +0.07/-0.06 898 +13/-10 5.44 +0.08/-0.04 2.74 +0.25/-0.22 1184 +22/-22 4.91 +0.08/-0.06
0937+2931 26.0 996 +5/-4 4.99 +0.03/-0.02 803 +9/-12 4.96 +0.17/-0.20 3.30 +0.64/-0.67 899 +19/-18 3.67 +0.22/-0.20
0939-2448 28.0 702 +3/-7 3.18 +0.03/-0.04 694 +26/-23 4.04 +0.03/-0.06 4.89 +0.17/-0.08 726 +16/-17 4.13 +0.25/-0.25
0949-1545 22.0 1314 +9/-6 5.46 +0.06/-0.03 1250 +43/-28 5.49 +0.01/-0.01 2.02 +0.02/-0.03 1296 +8/-3 4.65 +0.11/-0.11
0952+1955 26.0 967 +6/-12 4.64 +0.11/-0.24 811 +15/-20 4.91 +0.13/-0.15 4.64 +0.44/-0.26 883 +19/-20 4.38 +0.67/-0.51
1007-4555 25.0 990 +6/-9 4.65 +0.11/-0.12 810 +15/-18 4.24 +0.11/-0.13 2.19 +0.14/-0.25 928 +17/-18 3.80 +0.19/-0.21
1019+6529 26.0 959 +9/-7 4.66 +0.16/-0.17 825 +20/-26 4.91 +0.13/-0.14 4.86 +0.21/-0.10 860 +19/-20 4.95 +0.07/-0.04
1021-0304 23.0 1221 +41/-12 5.08 +0.26/-0.06 1133 +30/-40 5.49 +0.01/-0.00 2.02 +0.02/-0.03 1295 +8/-4 4.73 +0.11/-0.11
1039+3256 21.0 1324 +5/-4 5.14 +0.04/-0.03 1296 +7/-3 5.49 +0.01/-0.00 2.02 +0.01/-0.02 1426 +14/-13 5.22 +0.05/-0.05
1039-1600 27.5 874 +7/-10 4.28 +0.16/-0.15 719 +21/-22 4.05 +0.03/-0.07 4.76 +0.33/-0.17 754 +17/-19 3.27 +0.14/-0.17
1047+2124 26.5 930 +9/-15 4.41 +0.06/-0.08 783 +19/-14 4.29 +0.12/-0.25 2.68 +0.34/-0.58 866 +13/-13 3.80 +0.15/-0.19
1048+0919 22.5 1274 +6/-6 5.27 +0.04/-0.04 1280 +20/-14 5.49 +0.01/-0.01 2.02 +0.02/-0.03 1297 +11/-3 4.59 +0.08/-0.10
1052+4422 20.5 1405 +29/-6 5.22 +0.09/-0.04 1297 +5/-3 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1425 +14/-14 4.50 +0.05/-0.04
1059+3042 24.0 1182 +8/-6 5.25 +0.11/-0.08 913 +15/-19 5.45 +0.07/-0.04 2.45 +0.22/-0.19 1226 +19/-19 4.96 +0.07/-0.03
1106+2754 22.5 1314 +4/-4 5.29 +0.03/-0.03 1292 +11/-6 5.49 +0.01/-0.00 2.02 +0.01/-0.03 1297 +5/-2 4.62 +0.08/-0.10
1114-2618 27.5 806 +103/-14 4.05 +0.85/-0.18 688 +31/-32 4.06 +0.04/-0.08 4.92 +0.13/-0.06 702 +17/-17 4.54 +0.17/-0.13
1122-3512 22.0 1282 +7/-7 5.37 +0.05/-0.05 1258 +32/-25 5.49 +0.01/-0.01 2.02 +0.02/-0.04 1297 +6/-3 4.66 +0.10/-0.11
1124-0421 27.0 895 +12/-24 4.27 +0.20/-0.15 718 +14/-17 4.09 +0.06/-0.09 2.49 +0.27/-0.33 826 +13/-15 3.51 +0.17/-0.16
1206+2813 23.0 1237 +7/-8 5.42 +0.04/-0.04 1028 +56/-37 5.49 +0.01/-0.01 2.03 +0.02/-0.04 1294 +9/-5 4.91 +0.09/-0.06
1207+0244 20.0 1378 +8/-8 5.26 +0.04/-0.04 1296 +6/-3 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1424 +14/-14 4.75 +0.05/-0.05
1209-1004 23.0 1227 +35/-6 5.17 +0.21/-0.04 1091 +27/-25 5.50 +0.01/-0.00 2.02 +0.01/-0.02 1296 +7/-3 4.75 +0.11/-0.10
1214+6316 23.5 1069 +9/-52 4.39 +0.03/-0.26 970 +19/-21 5.49 +0.02/-0.01 2.06 +0.05/-0.08 1258 +22/-21 4.65 +0.10/-0.12
70
1215-3420 24.5 1066 +62/-17 4.73 +0.29/-0.19 892 +25/-20 5.41 +0.10/-0.06 3.77 +0.46/-0.35 1094 +21/-20 4.91 +0.14/-0.06
1217-0311 27.5 803 +4/-6 3.99 +0.04/-0.02 716 +13/-15 4.02 +0.02/-0.03 4.60 +0.45/-0.28 746 +12/-14 3.19 +0.10/-0.11
1221-3136 26.5 914 +10/-12 4.29 +0.08/-0.08 749 +18/-22 4.07 +0.05/-0.08 2.45 +0.26/-0.32 852 +14/-13 3.63 +0.16/-0.14
1225-1013 26.0 978 +5/-9 4.63 +0.10/-0.17 800 +12/-12 4.72 +0.25/-0.13 3.01 +0.59/-0.59 915 +16/-17 3.92 +0.19/-0.28
1225-2739 26.0 974 +3/-4 4.53 +0.03/-0.08 801 +9/-11 4.66 +0.24/-0.12 2.36 +0.26/-0.37 905 +18/-16 3.49 +0.20/-0.18
1231+0847 25.5 979 +4/-5 4.57 +0.06/-0.11 797 +11/-8 4.85 +0.10/-0.11 2.68 +0.31/-0.40 940 +15/-17 4.13 +0.25/-0.25
1237+6526 26.5 928 +8/-8 4.48 +0.05/-0.03 784 +20/-14 4.26 +0.13/-0.28 2.93 +0.44/-0.71 847 +17/-16 3.61 +0.23/-0.20
1254-0122 22.0 1237 +8/-25 4.92 +0.04/-0.15 1292 +11/-6 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1298 +4/-2 4.53 +0.02/-0.04
1257+4008 27.0 889 +4/-5 4.10 +0.07/-0.09 790 +19/-14 4.10 +0.07/-0.11 4.81 +0.29/-0.14 825 +17/-17 4.80 +0.26/-0.13
1322-2340 28.0 806 +8/-11 3.92 +0.12/-0.11 755 +32/-32 4.07 +0.05/-0.10 4.86 +0.22/-0.10 742 +22/-23 4.41 +0.30/-0.24
1324+6358 22.5 1224 +48/-9 4.69 +0.34/-0.04 1294 +9/-4 5.49 +0.02/-0.01 2.02 +0.01/-0.03 1425 +14/-15 4.75 +0.05/-0.05
1346-0031 26.5 930 +11/-25 4.40 +0.08/-0.12 780 +20/-16 4.11 +0.07/-0.09 2.43 +0.26/-0.32 859 +16/-15 3.57 +0.20/-0.15
1348-1344 25.5 984 +6/-19 4.66 +0.13/-0.24 856 +23/-25 5.29 +0.08/-0.08 4.29 +0.36/-0.35 939 +19/-21 4.93 +0.09/-0.05
1358+3747 24.5 1068 +8/-9 5.09 +0.09/-0.10 888 +20/-12 5.46 +0.05/-0.03 3.65 +0.37/-0.32 1065 +24/-21 4.92 +0.12/-0.06
1400-3850 24.0 1212 +9/-7 5.46 +0.05/-0.03 944 +25/-33 5.48 +0.03/-0.02 2.22 +0.14/-0.19 1273 +22/-18 4.96 +0.07/-0.03
1404-3159 22.5 1281 +5/-6 5.22 +0.04/-0.04 1288 +16/-9 5.49 +0.01/-0.00 2.02 +0.02/-0.03 1297 +5/-2 4.72 +0.11/-0.11
1415+5724 23.0 1326 +10/-6 5.17 +0.07/-0.04 1291 +12/-6 5.49 +0.01/-0.00 2.02 +0.02/-0.04 1386 +92/-21 5.17 +0.45/-0.09
1416+1348B 27.5 923 +13/-12 4.51 +0.04/-0.06 819 +21/-35 4.98 +0.12/-0.10 4.92 +0.14/-0.06 761 +25/-26 4.97 +0.05/-0.03
1435+1129 22.0 1268 +5/-6 4.88 +0.03/-0.04 1288 +16/-8 5.49 +0.01/-0.01 2.02 +0.02/-0.03 1424 +13/-15 4.50 +0.04/-0.04
1439+3042 22.5 1282 +9/-16 5.20 +0.06/-0.09 1267 +28/-21 5.49 +0.01/-0.01 2.02 +0.02/-0.03 1295 +11/-3 4.62 +0.10/-0.11
1457+5815 27.0 883 +7/-8 4.48 +0.07/-0.04 744 +18/-21 4.04 +0.03/-0.06 4.80 +0.30/-0.15 776 +15/-16 3.60 +0.21/-0.26
1503+2525 25.0 1041 +23/-18 4.96 +0.18/-0.11 825 +17/-22 5.11 +0.20/-0.16 2.65 +0.48/-0.59 985 +19/-20 3.97 +0.20/-0.25
1511+0607 22.0 1428 +5/-6 5.24 +0.05/-0.06 1296 +6/-3 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1426 +15/-14 4.50 +0.04/-0.05
1516+0259 20.0 1411 +4/-4 5.27 +0.03/-0.03 1296 +6/-3 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1426 +14/-14 4.50 +0.04/-0.05
1516+3053 20.5 1280 +4/-4 4.70 +0.03/-0.03 1297 +5/-2 5.49 +0.02/-0.01 2.02 +0.01/-0.03 1424 +14/-15 4.50 +0.04/-0.05
1520+3546 20.0 1421 +3/-3 5.33 +0.03/-0.03 1296 +7/-3 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1424 +13/-16 4.50 +0.04/-0.05
1521+0131 22.0 1226 +7/-7 5.04 +0.04/-0.03 1222 +78/-36 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1294 +97/-5 4.55 +0.77/-0.09
1534-2952 25.5 1080 +7/-7 4.98 +0.07/-0.07 877 +23/-18 5.43 +0.10/-0.05 3.15 +0.35/-0.38 1060 +31/-32 4.28 +0.33/-0.38
1543-0439 25.0 1111 +20/-20 5.07 +0.09/-0.11 901 +13/-14 5.46 +0.06/-0.03 3.76 +0.36/-0.25 1117 +27/-28 4.74 +0.28/-0.17
1546+4932 22.5 1232 +6/-7 5.12 +0.03/-0.04 1128 +26/-30 5.49 +0.01/-0.00 2.02 +0.01/-0.03 1296 +8/-3 4.72 +0.12/-0.11
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1553+1532 27.0 882 +8/-8 4.39 +0.15/-0.09 703 +8/-10 4.02 +0.01/-0.03 2.58 +0.26/-0.31 788 +13/-11 3.26 +0.10/-0.11
1615+1340 26.0 992 +14/-8 4.94 +0.21/-0.06 789 +18/-12 4.18 +0.10/-0.12 2.19 +0.14/-0.23 880 +18/-17 3.47 +0.18/-0.19
1622-0959 26.0 987 +8/-11 4.72 +0.14/-0.15 804 +10/-14 4.62 +0.29/-0.15 2.35 +0.26/-0.44 916 +16/-16 3.68 +0.17/-0.17
1624+0029 26.0 980 +7/-7 4.73 +0.14/-0.12 800 +11/-10 4.57 +0.29/-0.19 2.59 +0.42/-0.71 914 +15/-16 3.99 +0.21/-0.26
1627+3255 26.0 976 +7/-7 4.88 +0.15/-0.10 798 +11/-9 4.27 +0.12/-0.20 2.39 +0.25/-0.42 885 +14/-14 3.73 +0.15/-0.16
1632+0329 25.0 1024 +16/-15 4.72 +0.11/-0.11 866 +25/-24 5.35 +0.09/-0.08 3.80 +0.44/-0.36 1017 +22/-21 4.46 +0.31/-0.27
1636-0743 24.5 1183 +7/-7 5.19 +0.10/-0.09 953 +25/-32 5.48 +0.03/-0.02 2.27 +0.16/-0.19 1267 +20/-19 4.96 +0.06/-0.03
1653+4444 28.0 788 +6/-7 3.86 +0.08/-0.08 680 +19/-17 4.02 +0.02/-0.04 4.88 +0.18/-0.09 709 +12/-12 3.43 +0.14/-0.15
1711+3500 28.0 816 +17/-25 4.03 +0.17/-0.22 779 +46/-37 4.16 +0.12/-0.26 4.83 +0.29/-0.13 724 +30/-31 4.60 +0.26/-0.21
1721+1117 26.0 965 +5/-6 4.57 +0.07/-0.13 809 +17/-21 4.78 +0.14/-0.12 4.50 +0.55/-0.35 891 +18/-19 4.43 +0.31/-0.31
1728+5716 26.0 970 +7/-8 4.85 +0.16/-0.13 821 +19/-25 5.00 +0.13/-0.12 4.86 +0.22/-0.10 875 +19/-19 4.95 +0.07/-0.03
1730+4207 20.0 1382 +7/-7 5.44 +0.04/-0.04 1295 +8/-4 5.49 +0.01/-0.00 2.02 +0.01/-0.03 1298 +14/-95 4.59 +0.09/-0.39
1734+5023 24.0 1181 +37/-7 5.21 +0.34/-0.09 917 +17/-22 5.37 +0.10/-0.08 2.43 +0.27/-0.27 1188 +25/-23 4.91 +0.10/-0.06
1741+1327 25.0 1073 +11/-11 5.28 +0.12/-0.11 902 +18/-21 5.40 +0.10/-0.07 4.57 +0.37/-0.28 1012 +28/-27 4.92 +0.18/-0.06
1750+1759 23.5 1228 +9/-8 5.37 +0.05/-0.05 941 +19/-24 5.49 +0.02/-0.01 2.03 +0.03/-0.05 1293 +10/-5 4.92 +0.08/-0.06
1809+3838 27.5 830 +11/-12 4.04 +0.06/-0.10 697 +19/-16 4.03 +0.02/-0.04 4.85 +0.23/-0.11 724 +14/-16 3.28 +0.15/-0.16
1809-0448 20.5 1343 +4/-14 5.26 +0.03/-0.06 1295 +7/-3 5.49 +0.01/-0.00 2.02 +0.01/-0.03 1425 +14/-15 5.23 +0.05/-0.05
1828-4849 25.5 978 +3/-4 4.52 +0.02/-0.05 812 +12/-17 4.88 +0.11/-0.22 2.43 +0.28/-0.56 936 +15/-17 3.53 +0.19/-0.16
1852+3537 27.0 875 +71/-6 4.15 +0.15/-0.13 726 +16/-18 4.02 +0.02/-0.03 3.89 +0.56/-0.64 783 +14/-13 3.30 +0.12/-0.12
1906+4508 26.0 982 +5/-8 4.66 +0.11/-0.13 844 +21/-25 5.07 +0.28/-0.14 4.09 +0.88/-0.59 931 +16/-18 3.83 +0.19/-0.29
1928+2356 26.0 978 +4/-6 4.63 +0.09/-0.11 795 +12/-7 4.68 +0.09/-0.09 2.38 +0.25/-0.30 923 +13/-15 3.88 +0.15/-0.23
2008-0834 25.5 999 +10/-13 4.82 +0.12/-0.11 847 +23/-26 5.19 +0.17/-0.10 4.06 +0.68/-0.47 948 +19/-20 4.09 +0.28/-0.42
2047-0718 20.0 1412 +3/-3 5.38 +0.03/-0.03 1296 +7/-3 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1425 +14/-15 4.50 +0.04/-0.05
2052-1609 21.0 1410 +5/-4 5.46 +0.04/-0.03 1297 +5/-2 5.49 +0.01/-0.01 2.02 +0.01/-0.03 1425 +14/-14 5.22 +0.05/-0.05
2124+0100 25.0 1063 +61/-12 4.88 +0.37/-0.12 885 +22/-15 5.30 +0.16/-0.10 3.49 +0.69/-0.47 1045 +27/-26 4.59 +0.37/-0.29
2139+0220 21.5 1257 +79/-9 4.72 +0.43/-0.07 1298 +4/-2 5.49 +0.01/-0.01 2.01 +0.01/-0.02 1399 +13/-14 5.23 +0.05/-0.05
2154-1023 24.5 1175 +42/-6 5.22 +0.36/-0.09 935 +21/-25 5.46 +0.06/-0.03 2.52 +0.23/-0.21 1220 +21/-19 4.95 +0.07/-0.03
2213+0911 27.0 897 +9/-10 4.43 +0.09/-0.06 751 +18/-21 4.03 +0.02/-0.05 3.13 +0.45/-0.55 805 +13/-10 3.23 +0.11/-0.12
2226+0440 28.5 800 +6/-6 3.99 +0.04/-0.03 695 +12/-7 4.01 +0.01/-0.02 4.67 +0.37/-0.24 717 +7/-9 3.10 +0.07/-0.09
2228-4310 26.0 972 +66/-9 4.65 +0.57/-0.17 790 +19/-14 4.13 +0.08/-0.11 2.54 +0.30/-0.39 886 +15/-15 3.75 +0.15/-0.16
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2237-0614 25.0 1075 +7/-7 5.44 +0.06/-0.04 918 +19/-30 5.46 +0.06/-0.03 4.70 +0.32/-0.21 994 +27/-30 4.97 +0.05/-0.02
2239+1617 23.0 1270 +6/-6 5.23 +0.04/-0.04 1145 +37/-100 5.49 +0.01/-0.00 2.02 +0.01/-0.03 1296 +8/-3 4.65 +0.10/-0.11
2254+3123 24.0 1180 +7/-5 5.12 +0.11/-0.08 981 +31/-44 5.44 +0.06/-0.04 2.16 +0.11/-0.17 1265 +18/-18 4.97 +0.05/-0.02
2255-3118 28.0 786 +90/-18 3.61 +0.52/-0.23 683 +20/-14 4.02 +0.01/-0.03 4.13 +0.53/-0.49 717 +9/-10 3.08 +0.06/-0.10
2301+0216 26.5 905 +9/-52 4.19 +0.09/-0.36 799 +14/-12 4.07 +0.05/-0.09 3.30 +0.50/-0.66 857 +15/-15 3.61 +0.18/-0.16
2319-1844 27.5 870 +5/-8 4.22 +0.14/-0.17 770 +33/-29 4.22 +0.15/-0.26 4.89 +0.18/-0.08 742 +22/-23 4.91 +0.10/-0.06
2340-0745 27.0 896 +7/-8 4.27 +0.10/-0.08 784 +19/-15 4.06 +0.04/-0.08 3.84 +0.58/-0.65 829 +14/-15 3.54 +0.18/-0.16
2348-1028 27.0 871 +5/-6 4.40 +0.11/-0.10 727 +15/-16 4.02 +0.01/-0.03 4.37 +0.56/-0.43 763 +13/-14 3.14 +0.09/-0.11
2356-1553 25.0 998 +4/-5 4.56 +0.05/-0.06 836 +20/-24 4.82 +0.09/-0.13 2.27 +0.19/-0.36 1006 +22/-24 4.25 +0.28/-0.34
Chapter 4
T Dwarf Model Fits- Comparing
Individual Wavelength Bands
4.1 Motivation
Brown dwarfs are substellar objects that continually cool over their lifetimes due to their
inability to sustain core hydrogen fusion because of their low mass. Their resulting low
effective temperatures overlap in the exoplanet temperature regime, making them sufficient
atmospheric exoplanet analogs. Allard (2014) show that there is little to no fundamental
difference in the spectral properties of brown dwarfs and exoplanets. A comprehensive
understanding of the fundamental parameters affecting their spectra is therefore necessary
to constrain the spectral parameters and properties and to bridge the gap between the lowest
mass stars and the warmest exoplanets.
As shown in Chapter 2, the NIR spectra of brown dwarfs are typically divided into four
opacity windows, or bands, between prominent absorption features. These bands repre-
sent narrow wavelength ranges between major water absorption features that occur in both
Earth’s and brown dwarf atmospheres and are highly regarded for describing the spectral
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morphology and atmospheric make-up of cool substellar objects. Exoplanets and cool com-
panions are typically only observed in one or two of these bands as a result of the design
of high-contrast instruments. It is therefore important for efficient observing and character-
ization to estimate the reliability of information inferred from model fits to the individual
bands, to properly determine the primary parameters and spectral type of objects where
spectra in all four bands are not available.
In Cushing et al. (2008), they found that the Saumon & Marley (2008) models fit the
data of two early T dwarfs much better over the individual Y, J, H, and K- bands, but
the Teff values derived from narrower wavelength ranges do not agree with those derived
by fitting full 0.95− 14.5µm spectral energy distributions (SEDs). A model fitting analysis
across narrow wavelength regions has not yet been executed for a large sample of T dwarfs
from T0 to T9 at low resolution.
4.2 Method
Described in Chapter 3, I fit three model grids to the full NIR 0.9-2.3 µm spectra of 151
T dwarfs (Giorla Godfrey et al. 2017a in prep). To further examine the dependability of best
fit parameter results, I followed up this analysis with a fitting of the BT-Settl 2013 model
grid to the same 151 T dwarfs over their four individual narrow wavelength ranges between
prominent water absorption bands (Y: 0.9-1.143µm, J:1.143-1.375µm, H: 1.375-2.000µm,
K: 1.937-2.4µm). The BT-Settl 2013 model grid was chosen for this procedure due to its
larger Teff range and its tighter Teff - spectral type relationship that was a result of the full
spectrum fits. Model fitting to the full spectrum, and to the four individual opacity windows,
highlights potential discrepancies in the reliability of the models over the full spectrum as
found in Cushing et al. (2008). I present here preliminary results of the individual band
fits, using reduced χ2 method described in Chapter 2 because of its lesser computing power
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needs.
The models are first binned down to the resolution and trimmed to match the wavelength
coverage of the T dwarf spectrum band. Each T dwarf is fit to each model in the model grid
using the reduced χ2 calculation. The minimum χ2 value is taken as the best fit, and its
corresponding model provides the best fit parameters for that object.
4.3 Results
The T dwarfs and their corresponding best fitting model parameters are displayed in
Table 4.3. Visual representations for the spectral standards and the sample T9 are shown in
Figures 4.1 - 4.10. A full figure set for all 151 objects is included in the Appendix. Each panel
displays the best fitting model and its corresponding best fit Teff and log(g) parameters to
the four individually-fit narrow wavelength bands and to the full spectrum. This figure is
produced for every object, to show the numerical discrepancies between the band best fits,
and to allow visual inspection of the spreads seen in Figure 4.11 per object. To analyze this
figure, we visually compare the spectral morphology of the best fit model and the object’s
observed spectrum in each band.
This comparison demonstrates that, overall, a good fit is obtained by each individual
wavelength range being fit. However, these good fits do not necessarily agree with each
other, differing by an average of ∼ 200K but a maximum of 850K between bands for the
same object. Individual band fits mostly reproduce the object’s spectral band and when
stitched together as in the bottom panels of Figures 4.1 - 4.10, create a model that fits across
the entire spectrum. This ”stitched” model often does not agree with the full spectrum best
fit model in most of the bands, even though the best fit temperatures corresponding to these
models may be in close agreement. See Figure 4.1 for example, where the full spectrum
predicts Teff of 1300 K and the individual band fits suggest Teff of 1300-1450 K. The Y-
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band fit suggests Teff of 1300 K like the full spectrum fit and it can be seen that the two
models are similar in this wavelength range, whereas the other bands suggest models that
more closely resemble the object’s spectrum in those bands than the full spectrum fit does
after Y- band.
Heavy noise in the spectrum can greatly affect the consistency across the Teff prescribed
from each band fit. This can be seen for example in object T8 1711+3500 (Figure can be
found in the Appendix), where K- band predicts a very high Teff of 1600 K (and hits the
top of the model grid parameter space) compared to other K- band fits in the same spectral
type bin such as for T8 2255-3118 (Figure can be found in the Appendix), which predicts a
Teff of 650 K. This is seen again for T6 2228-4310 (Figure can be found in the Appendix)
where a noise spike around 1.85µm in H band results in a best model fit of Teff of 1450 K
though this model fit clearly does not match the spectrum. This noise spike resulted in the
same issue for the full spectrum, but does not affect the fits to Y, J, or K- band. This spike
is seen often between H- and K- band and occurs in a slight overlap of methane and water
absorption. Removing this narrow wavelength range would be beneficial when relying only
on H- band spectra for companion characterization.
As found in previous work by Cushing et al. (2008); Stephens et al. (2009); Morley et al.
(2012), the best fit parameters derived in my fitting analysis differ by which band is being fit.
This varying Teff - spectral type relationship can be seen in Figure 4.11 where each panel
indicates a different band fit within the NIR full spectrum, and the Teff - spectral type
polynomials of Stephens et al. (2009) and Filippazzo et al. (2015) are shown for reference.
Each band produces a decreasing relation, as expected, but I see a better fit to the Teff -
SpT polynomial in the Y- and J- band fits, particularly J- band, where the relationship is
tighter and more closely follows the predicted polynomial relations. H- band shows a similar
trend, though a large spread in the earlier T spectral type fits with Teff results that are
higher than the polynomials predict. K- band follows a decreasing relation, but shows large
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spread across the entire T dwarf spectral type range, and Teff results that are higher than
the polynomials predict up through T3, and lower Teff results from T4-T7. A very large
spread is shown at T8. Therefore, I suggest that the most reliable best fit parameters are
derived when model fits are conducted on the Y- or J- band. If only H- or K- band are
available, the modeler should consider these results when determining uncertainties on the
best fit parameters.
These discrepant results may be explained because of the limited understanding of par-
ticular absorption features present at different wavelengths within the NIR spectra. T dwarfs
have high density atmospheres that cause pressure-broadened sodium and potassium bands
at optical wavelengths that extend into the NIR Y- and J- bands creating additional opac-
ity at these wavelengths (Morley et al., 2012). H- band is heavily effected by the strong
methane absorber (Saumon et al., 2012), and methane has inadequate opacity calculations
and measurements for T dwarfs which can affect the reliability of model fits (Morley et al.,
2012). Upon examination of the individual band fit plots, I note that K- band tends to be
noisier for the objects in my sample than the other bands, which may be the cause for a
more poorly-constrained Teff - spectral type relation.
As described in Chapter 3, it should be noted again that as the spectra types progress
towards later T types, there is a larger representation of lower gravity best fit parameters.
Because cooler T dwarfs will inherently be lower mass at approximately the same radius as
warmer T dwarfs, it is possible to see lower surface gravity results in this temperature regime.
From the hybrid solar Saumon & Marley (2008) evolutionary models which are derived from
the atmosphere models that incorporate a sequence over the L/T transition from cloudy to
clear atmospheres, I estimate a log(g) transformation of ∼ 0.6 − 0.9dex, for objects of the
same age with different temperatures (masses). From interpreting Figure 4.11, Y, J, and K-
bands suggest lower surface gravities for mid- T dwarfs which may not be accurate. H- band
visually provides the best surface gravity estimations across the spectral class, that most
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resembles the surface gravity results from the full spectrum fits in Chapter 3.
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Figure 4.1 The best fitting models from the BT-Settl 2013 model grid (pink, fushia, purle,
or blue) overplotted on the T0 spectral standard 1207+0244 (black). The top four panels
show the best fitting model to each individual Y, J, H, and K- band fits, and the bottom
panel shows the best fitting model to the full spectrum (green) and the best fitting model
from each band fit (pink, fushia, purle, or blue; dotted), shown here for the full spectrum.
Each panel also displays the corresponding parameters, Teff (top) and log(g) (bottom), to
the best fitting model, to highlight discrepancies or well-matched results where appropriate.
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Figure 4.2 The best fitting models from the BT-Settl 2013 model grid (pink, fushia, purle,
or blue) overplotted on the T1 spectral standard 0837-0000 (black). The top four panels
show the best fitting model to each individual Y, J, H, and K- band fits, and the bottom
panel shows the best fitting model to the full spectrum (green) and the best fitting model
from each band fit (pink, fushia, purle, or blue; dotted), shown here for the full spectrum.
Each panel also displays the corresponding parameters, Teff (top) and log(g) (bottom), to
the best fitting model, to highlight discrepancies or well-matched results where appropriate.
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Figure 4.3 The best fitting models from the BT-Settl 2013 model grid (pink, fushia, purle,
or blue) overplotted on the T2 spectral standard 1254-0122 (black). The top four panels
show the best fitting model to each individual Y, J, H, and K- band fits, and the bottom
panel shows the best fitting model to the full spectrum (green) and the best fitting model
from each band fit (pink, fushia, purle, or blue; dotted), shown here for the full spectrum.
Each panel also displays the corresponding parameters, Teff (top) and log(g) (bottom), to
the best fitting model, to highlight discrepancies or well-matched results where appropriate.
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Figure 4.4 The best fitting models from the BT-Settl 2013 model grid (pink, fushia, purle,
or blue) overplotted on the T3 spectral standard 1021-0304 (black). The top four panels
show the best fitting model to each individual Y, J, H, and K- band fits, and the bottom
panel shows the best fitting model to the full spectrum (green) and the best fitting model
from each band fit (pink, fushia, purle, or blue; dotted), shown here for the full spectrum.
Each panel also displays the corresponding parameters, Teff (top) and log(g) (bottom), to
the best fitting model, to highlight discrepancies or well-matched results where appropriate.
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Figure 4.5 The best fitting models from the BT-Settl 2013 model grid (pink, fushia, purle,
or blue) overplotted on the T4 spectral standard 2254+3123 (black). The top four panels
show the best fitting model to each individual Y, J, H, and K- band fits, and the bottom
panel shows the best fitting model to the full spectrum (green) and the best fitting model
from each band fit (pink, fushia, purle, or blue; dotted), shown here for the full spectrum.
Each panel also displays the corresponding parameters, Teff (top) and log(g) (bottom), to
the best fitting model, to highlight discrepancies or well-matched results where appropriate.
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Figure 4.6 The best fitting models from the BT-Settl 2013 model grid (pink, fushia, purle,
or blue) overplotted on the T5 spectral standard 1503+2525 (black). The top four panels
show the best fitting model to each individual Y, J, H, and K- band fits, and the bottom
panel shows the best fitting model to the full spectrum (green) and the best fitting model
from each band fit (pink, fushia, purle, or blue; dotted), shown here for the full spectrum.
Each panel also displays the corresponding parameters, Teff (top) and log(g) (bottom), to
the best fitting model, to highlight discrepancies or well-matched results where appropriate.
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Figure 4.7 The best fitting models from the BT-Settl 2013 model grid (pink, fushia, purle,
or blue) overplotted on the T6 spectral standard 1624+0029 (black). The top four panels
show the best fitting model to each individual Y, J, H, and K- band fits, and the bottom
panel shows the best fitting model to the full spectrum (green) and the best fitting model
from each band fit (pink, fushia, purle, or blue; dotted), shown here for the full spectrum.
Each panel also displays the corresponding parameters, Teff (top) and log(g) (bottom), to
the best fitting model, to highlight discrepancies or well-matched results where appropriate.
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Figure 4.8 The best fitting models from the BT-Settl 2013 model grid (pink, fushia, purle,
or blue) overplotted on the T7 spectral standard 0727+1710 (black). The top four panels
show the best fitting model to each individual Y, J, H, and K- band fits, and the bottom
panel shows the best fitting model to the full spectrum (green) and the best fitting model
from each band fit (pink, fushia, purle, or blue; dotted), shown here for the full spectrum.
Each panel also displays the corresponding parameters, Teff (top) and log(g) (bottom), to
the best fitting model, to highlight discrepancies or well-matched results where appropriate.
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Figure 4.9 The best fitting models from the BT-Settl 2013 model grid (pink, fushia, purle,
or blue) overplotted on the T8 spectral standard 0415-0935 (black). The top four panels
show the best fitting model to each individual Y, J, H, and K- band fits, and the bottom
panel shows the best fitting model to the full spectrum (green) and the best fitting model
from each band fit (pink, fushia, purle, or blue; dotted), shown here for the full spectrum.
Each panel also displays the corresponding parameters, Teff (top) and log(g) (bottom), to
the best fitting model, to highlight discrepancies or well-matched results where appropriate.
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Figure 4.10 The best fitting models from the BT-Settl 2013 model grid (pink, fushia, purle,
or blue) overplotted on T9 0722-0540 (black). The top four panels show the best fitting
model to each individual Y, J, H, and K- band fits, and the bottom panel shows the best
fitting model to the full spectrum (green) and the best fitting model from each band fit (pink,
fushia, purle, or blue; dotted), shown here for the full spectrum. Each panel also displays
the corresponding parameters, Teff (top) and log(g) (bottom), to the best fitting model, to
highlight discrepancies or well-matched results where appropriate.
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Figure 4.11 The best fit Teff results from the model fits as a function of spectral type for
each T dwarf in my sample. Gravity is shown by the color bar, and the Teff - spectral type
polynomial relations of Stephens et al. (2009) and Filippazzo et al. (2015) are shown in blue
and green, respectively. The star points depict the spectral standards. The results indicate
that all four bands produce consistent decreasing Teff over the full T dwarf class, however
they are inconsistent per spectral type and across the early and late portions of the spectral
class.
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Table 4.1: The best fit parameter results from fitting the individual Y, J, H, and K bands
of the T dwarf spectra to the BT-Settl 2013 model grid.
Shortname Spectral Type Y band J band H band K band
1207+0244 20.0 1300.0 5.0 1400.0 5.5 1400.0 5.5 1450.0 5.5
1750+1759 23.5 1000.0 3.5 1200.0 5.0 1300.0 5.5 1400.0 5.5
0727+1710 27.0 900.0 4.5 900.0 4.0 800.0 4.5 700.0 4.0
0937+2931 26.0 950.0 5.5 950.0 3.5 1000.0 5.5 850.0 5.5
1503+2525 25.0 950.0 3.5 900.0 3.5 1000.0 5.0 750.0 3.5
0559-1404 24.5 1000.0 3.5 1200.0 5.5 1400.0 5.5 750.0 3.0
1237+6526 26.5 950.0 5.5 900.0 4.0 850.0 4.5 750.0 5.0
0415-0935 28.0 900.0 5.0 850.0 3.5 700.0 3.5 450.0 3.0
0151+1244 20.5 1300.0 5.0 1350.0 5.5 1350.0 5.5 1150.0 5.5
1254-0122 22.0 1150.0 4.5 1250.0 5.0 1200.0 4.5 1300.0 5.5
2356-1553 25.0 1000.0 4.0 900.0 3.0 950.0 5.5 850.0 4.0
0837-0000 21.0 1250.0 5.0 1350.0 5.5 1200.0 4.5 1400.0 5.5
1624+0029 26.0 850.0 3.0 850.0 3.0 900.0 5.0 750.0 4.5
1021-0304 23.0 1200.0 5.5 1200.0 5.0 1300.0 5.5 1250.0 5.5
0000+2554 24.5 1000.0 4.0 1000.0 3.5 1100.0 5.0 950.0 4.5
0518-2828 21.0 1000.0 3.5 1050.0 3.5 1500.0 5.5 1500.0 5.5
1553+1532 27.0 950.0 5.5 900.0 4.0 750.0 4.0 750.0 4.0
0830+0128 24.5 1150.0 5.5 1150.0 5.5 1100.0 5.5 950.0 4.5
1520+3546 20.0 1400.0 5.5 1350.0 5.0 1350.0 5.0 1450.0 5.5
0912+1459 20.0 1250.0 4.5 1400.0 5.5 1400.0 5.5 1500.0 5.5
0136+0933 22.5 1150.0 4.5 1250.0 5.0 1250.0 5.0 1300.0 5.5
1225-2739 26.0 950.0 4.0 950.0 4.0 900.0 5.0 750.0 4.5
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1106+2754 22.5 1150.0 4.5 1250.0 5.0 1350.0 5.5 1350.0 5.5
0909+6525 21.5 1250.0 5.0 1250.0 5.0 1350.0 5.5 1350.0 5.5
0926+5847 24.5 1000.0 4.0 1000.0 3.5 1200.0 5.5 750.0 3.0
2139+0220 21.5 1000.0 4.0 1050.0 3.5 1200.0 4.5 1400.0 5.5
2254+3123 24.0 1000.0 3.5 1000.0 3.5 1300.0 5.5 950.0 4.0
0034+0523 26.5 900.0 4.0 850.0 3.0 850.0 5.0 800.0 4.5
0325+0425 25.5 1150.0 5.0 1050.0 5.5 950.0 4.0 750.0 3.0
0516-0445 26.0 850.0 3.0 850.0 3.0 900.0 4.5 850.0 4.0
0729-3954 28.0 900.0 5.0 850.0 3.5 800.0 4.5 450.0 3.0
0742+2055 25.0 1100.0 5.5 1050.0 4.5 1000.0 5.0 750.0 3.5
0949-1545 22.0 1050.0 3.5 1300.0 5.5 1350.0 5.5 1100.0 4.5
1007-4555 25.0 1050.0 4.5 850.0 3.0 900.0 4.5 700.0 3.5
1047+2124 26.5 900.0 4.0 850.0 3.0 850.0 4.5 850.0 4.0
1114-2618 27.5 800.0 4.5 900.0 4.5 800.0 4.5 750.0 5.0
1215-3420 24.5 1000.0 4.0 1000.0 3.5 1000.0 5.0 800.0 5.0
1217-0311 27.5 950.0 5.0 850.0 3.5 700.0 4.0 650.0 3.5
1346-0031 26.5 900.0 4.0 850.0 3.0 800.0 4.0 800.0 3.5
2154-1023 24.5 1000.0 4.0 1000.0 3.5 1200.0 5.5 1000.0 4.5
2228-4310 26.0 1050.0 5.5 850.0 3.0 1450.0 4.0 800.0 4.5
0351+4810 21.0 1150.0 5.5 1050.0 4.0 1450.0 5.0 1600.0 5.0
0407+1514 25.0 1000.0 4.0 900.0 3.0 900.0 4.0 850.0 4.0
0510-4208 25.0 1000.0 4.0 900.0 3.0 900.0 4.5 650.0 3.0
0602+4043 24.5 1000.0 4.0 1100.0 4.5 1000.0 4.5 950.0 4.5
0739+6615 21.5 1250.0 5.5 1350.0 5.5 1100.0 4.0 1350.0 5.5
2047-0718 20.0 1400.0 5.5 1400.0 5.5 1400.0 5.5 1450.0 5.5
2052-1609 21.0 1400.0 5.5 1400.0 5.5 1400.0 5.5 1450.0 5.5
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2124+0100 25.0 900.0 3.0 1150.0 5.0 1350.0 5.5 950.0 4.0
0858+3256 21.0 1300.0 5.5 1300.0 5.0 1250.0 4.5 1400.0 5.0
1358+3747 24.5 1050.0 4.5 1100.0 5.5 1000.0 4.5 750.0 3.0
1415+5724 23.0 1200.0 5.5 1050.0 3.5 1400.0 5.5 1450.0 5.5
1435+1129 22.0 1200.0 5.5 900.0 5.5 1350.0 5.5 1500.0 5.5
1122-3512 22.0 1050.0 3.5 1250.0 5.0 1300.0 5.5 1250.0 5.5
1206+2813 23.0 1200.0 5.5 1150.0 5.5 1400.0 5.5 1250.0 5.5
1209-1004 23.0 1000.0 3.5 1150.0 4.5 1300.0 5.5 1250.0 5.5
1521+0131 22.0 1000.0 3.5 1200.0 5.0 1250.0 5.0 1200.0 5.5
1231+0847 25.5 850.0 3.0 950.0 4.0 1000.0 5.0 850.0 4.0
1404-3159 22.5 1000.0 3.5 1200.0 5.0 1350.0 5.5 1400.0 5.5
1324+6358 22.5 1000.0 3.5 1200.0 5.0 1200.0 4.5 1350.0 5.5
1039+3256 21.0 1150.0 4.5 1250.0 5.0 1300.0 5.0 1400.0 5.5
1048+0919 22.5 1250.0 5.5 1250.0 5.0 1300.0 5.5 1300.0 5.5
1052+4422 20.5 1150.0 4.0 1400.0 5.5 1350.0 5.0 1500.0 5.5
1439+3042 22.5 1200.0 5.0 1200.0 5.0 1450.0 5.0 1150.0 5.5
1214+6316 23.5 850.0 3.0 1000.0 3.5 1250.0 5.5 1050.0 5.0
0755+2212 25.0 900.0 3.5 950.0 3.5 900.0 4.5 750.0 3.0
1516+0259 20.0 1300.0 5.5 1400.0 5.5 1350.0 5.0 1500.0 5.5
1516+3053 20.5 1250.0 5.5 1250.0 5.0 1100.0 3.5 1400.0 5.0
0741+2351 25.0 1050.0 5.0 950.0 3.5 1000.0 5.0 750.0 3.5
1534-2952 25.5 1000.0 4.0 1000.0 3.5 1100.0 5.5 950.0 4.5
1546+4932 22.5 1000.0 3.5 1200.0 5.0 1300.0 5.5 1250.0 5.5
0119+2403 22.0 1200.0 5.5 1150.0 4.5 1150.0 4.5 1350.0 5.5
0247-1631 22.0 1200.0 4.0 1050.0 3.5 1350.0 5.5 1400.0 5.5
1615+1340 26.0 1050.0 5.0 950.0 4.0 850.0 4.5 800.0 4.0
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0207+0000 24.5 1150.0 5.0 1000.0 3.5 1200.0 5.5 950.0 4.5
0243-2453 26.0 900.0 4.0 850.0 3.0 1000.0 5.0 800.0 3.5
0920+3517 20.0 1450.0 5.0 1500.0 5.5 1350.0 5.0 1450.0 5.0
0939-2448 28.0 800.0 5.0 850.0 3.5 750.0 4.5 850.0 5.5
0050-3322 27.0 850.0 3.0 850.0 3.0 750.0 4.0 700.0 4.0
0049+2151 28.5 850.0 4.0 700.0 5.0 700.0 4.0 500.0 3.5
0245-3450 28.0 900.0 5.0 800.0 5.0 700.0 3.5 750.0 4.0
0254+0223 28.0 900.0 5.0 800.0 3.5 700.0 3.5 650.0 4.0
0458+6434 28.5 900.0 5.0 650.0 3.0 650.0 3.0 1150.0 5.0
0500-1223 28.0 900.0 4.5 700.0 5.0 650.0 3.0 1450.0 4.5
0623-0456 28.0 950.0 4.5 850.0 3.5 750.0 4.0 1050.0 5.5
1322-2340 28.0 900.0 5.0 850.0 3.5 750.0 4.0 850.0 5.5
1653+4444 28.0 850.0 3.5 750.0 3.0 750.0 4.0 750.0 3.5
1711+3500 28.0 800.0 4.0 900.0 5.0 750.0 4.0 1600.0 5.5
2226+0440 28.5 900.0 5.0 850.0 3.5 700.0 3.5 650.0 4.0
2255-3118 28.0 900.0 5.0 700.0 3.0 700.0 3.5 650.0 4.0
1416+1348B 27.5 850.0 5.05 900.0 4.05 800.0 4.55 1300.0 5.5
2144+1446 22.5 1000.0 4.0 1000.0 3.5 1250.0 5.0 1250.0 5.5
1734+5023 24.0 1000.0 3.5 1200.0 5.5 1200.0 5.5 950.0 4.5
1730+4207 20.0 1150.0 4.0 1300.0 5.0 1400.0 5.5 1400.0 5.5
0040+0900 27.0 900.0 4.0 900.0 4.0 800.0 4.0 750.0 3.5
0045+3611 25.0 950.0 4.0 1000.0 4.5 1000.0 5.0 750.0 3.5
0135+1715 26.0 1000.0 5.5 950.0 5.5 900.0 5.0 850.0 5.5
0210+4008 24.5 1000.0 4.0 1100.0 4.5 1100.0 5.5 750.0 3.0
0233+3030 26.0 950.0 4.0 1050.0 4.5 900.0 5.0 750.0 5.0
1721+1117 26.0 1000.0 5.0 850.0 3.0 850.0 4.0 750.0 3.5
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0325+0831 27.0 900.0 4.5 900.0 4.5 800.0 4.0 700.0 3.5
0336+2826 25.0 1150.0 5.0 1150.0 5.0 1100.0 5.5 750.0 3.0
1928+2356 26.0 850.0 3.0 950.0 4.0 900.0 4.5 850.0 4.0
2008-0834 25.5 1050.0 5.0 1050.0 4.5 900.0 4.5 750.0 3.5
0546-0959 25.0 1050.0 5.0 900.0 3.5 1000.0 5.0 750.0 3.0
2301+0216 26.5 850.0 3.0 850.0 3.0 800.0 4.0 750.0 3.5
0629+2418 22.0 1200.0 5.0 1050.0 3.5 1400.0 5.5 1450.0 5.5
0150+3827 20.0 1400.0 5.5 1400.0 5.5 1400.0 5.5 1450.0 5.5
1039-1600 27.5 900.0 4.0 850.0 3.5 750.0 4.0 700.0 3.5
1124-0421 27.0 900.0 4.0 900.0 4.0 800.0 4.0 800.0 4.0
1221-3136 26.5 900.0 4.0 950.0 5.5 800.0 4.0 750.0 4.0
1225-1013 26.0 1050.0 5.0 850.0 3.0 900.0 4.5 850.0 4.0
1257+4008 27.0 950.0 5.5 850.0 3.0 750.0 4.0 750.0 3.5
0819-0335 24.0 1000.0 3.5 1000.0 3.5 1250.0 5.5 1050.0 4.5
1348-1344 25.5 900.0 4.0 1050.0 5.5 1050.0 5.5 1000.0 5.0
1400-3850 24.0 1200.0 5.5 1200.0 5.0 1200.0 5.5 1000.0 5.5
1543-0439 25.0 1000.0 4.0 1100.0 4.5 1000.0 4.5 750.0 3.0
1627+3255 26.0 900.0 4.0 950.0 4.0 850.0 4.5 750.0 5.0
1632+0329 25.0 1050.0 5.0 950.0 3.5 1000.0 4.5 750.0 3.0
1636-0743 24.5 1000.0 4.0 1000.0 3.5 1250.0 5.5 1050.0 4.5
1852+3537 27.0 950.0 5.5 800.0 3.0 750.0 4.0 650.0 3.5
1741+1327 25.0 1100.0 5.5 1000.0 4.0 900.0 4.5 950.0 4.5
1809+3838 27.5 900.0 4.5 850.0 3.5 700.0 4.0 650.0 4.0
1809-0448 20.5 1250.0 5.0 1350.0 5.5 1400.0 5.5 1400.0 5.5
0611-0410AB 20.0 1350.0 5.5 1300.0 5.0 1400.0 5.5 1450.0 5.5
0039+2115 27.5 900.0 5.0 700.0 3.0 750.0 4.0 650.0 4.0
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0138-0322 23.0 1200.0 5.5 1200.0 5.0 1350.0 5.5 1400.0 5.5
0223-2932 27.5 850.0 4.0 800.0 5.0 750.0 4.0 750.0 4.5
0307+2904 26.5 850.0 3.0 850.0 3.0 850.0 5.0 1000.0 5.5
0410+1411 26.0 1050.0 5.0 950.0 5.5 850.0 4.5 1000.0 5.5
0423-0414 20.0 1400.0 5.5 1400.0 5.5 1350.0 5.0 1500.0 5.5
0448-1935 25.0 1050.0 5.5 950.0 3.5 950.0 5.5 1200.0 5.5
0525+6739 26.0 1000.0 5.0 950.0 4.0 950.0 5.5 850.0 5.5
0627-1114 26.0 1050.0 5.0 950.0 4.0 900.0 4.5 750.0 3.5
0656+4205 23.0 1200.0 5.5 1250.0 5.5 1300.0 5.5 1200.0 5.5
0722-0540 29.0 800.0 3.5 550.0 5.0 600.0 3.0 700.0 4.0
0821+1443 25.5 1100.0 5.5 950.0 3.5 1000.0 5.0 950.0 5.5
0952+1955 26.0 900.0 4.0 950.0 5.5 900.0 5.0 850.0 5.5
1019+6529 26.0 1000.0 5.5 850.0 3.0 900.0 5.0 850.0 5.5
1059+3042 24.0 1000.0 3.5 1200.0 5.5 1200.0 5.5 950.0 4.0
1457+5815 27.0 950.0 5.0 900.0 4.0 750.0 4.0 700.0 3.5
1511+0607 22.0 1050.0 4.0 1100.0 4.0 1500.0 5.5 1450.0 5.5
1622-0959 26.0 1050.0 5.0 850.0 3.0 900.0 4.5 750.0 3.5
1728+5716 26.0 950.0 5.5 950.0 4.0 850.0 4.5 750.0 3.0
1906+4508 26.0 850.0 3.0 850.0 3.0 900.0 4.5 750.0 3.5
2213+0911 27.0 900.0 4.0 900.0 4.0 800.0 4.0 700.0 3.5
2237-0614 25.0 1050.0 5.0 1050.0 4.5 950.0 5.5 1050.0 5.5
2239+1617 23.0 1200.0 5.5 1200.0 5.0 1300.0 5.5 1300.0 5.5
2319-1844 27.5 900.0 4.0 850.0 3.5 800.0 4.5 850.0 5.5
2340-0745 27.0 900.0 4.0 900.0 4.0 800.0 4.5 650.0 3.0
2348-1028 27.0 900.0 4.0 850.0 3.5 750.0 4.0 650.0 4.0
1828-4849 25.5 900.0 4.0 1050.0 4.5 1000.0 5.0 750.0 3.5
Chapter 5
L and T Dwarfs as Exoplanet Analogs
5.1 Motivation
The coldest brown dwarfs bridge the gap between substellar objects and high mass gas
giant planets. Brown dwarfs and planets fall below the 75MJup limit of core hydrogen fusion,
but the boundary between brown dwarfs and planets is not as clear. A typical distinction
occurs around 13MJup where core temperatures are high enough to burn deuterium, an
isotope of hydrogen (Boss et al., 2007). This limit should be taken lightly, as cautioned
by Spiegel et al. (2011) that the definitions of what constitutes a brown dwarf and a planet
should rely more heavily on formation mechanism, rather than mass, because significant mass
overlap will occur across the boundary. Since formation mechanism is not always observable,
it may be necessary to use mass as a boundary limit, however, many other factors should
be taken into account including temperature and what percentage of deuterium burned is
considered efficient to be dubbed ”deuterium burning.” This fuzzy division, however, makes
it clear that it is necessary to understand in what ways these two types of objects are similar
or different.
More easily observed than formation mechanism and mass, brown dwarfs and gas giant
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planets have similar atmospheres, with indications visible to us in the near-infrared (NIR)
such as methane absorption found in planet 51 Eri b (Macintosh et al., 2015). Observations
of exoplanets and cool brown dwarf companions are often limited to the narrow wavelength
ranges occupied by the Y, J, H, and K bands defined by the NIR transparency windows
between water opacity features from Earth’s atmosphere as well as intrinsic to cool astro-
nomical objects. High contrast imaging of companions is only typically done in one of these
NIR bands at a time, with long integration times required and only low signal-to-noise (SNR)
and resolution possible. It is therefore crucial to be able to analyze companion atmospheres
and make characterizations from the spectra of only one or more of these bands.
Because substellar objects cool with age, age and mass are degenerate parameters. Ad-
ditional information is therefore needed to constrain the evolutionary state of these objects.
Several high-contrast imaging teams are aiming to break these degeneracies with the detec-
tions of substellar objects as companions to nearby stars. These companion systems offer
information of the physical properties such as mass, age, and composition from radial velocity
measurements and high resolution spectra of the host star.
Leading teams in the field of high contrast imaging are emerging as they provide bench-
mark objects in the temperature regime between low stars and high mass planets. Two
particular teams that specialize in high contrast imaging and spectroscopy of companions
and whose observations will be discussed at length in this section are the Gemini Planet Im-
ager (GPI) (Macintosh et al., 2014) and Project 1640 (P1640) (Hinkley et al., 2011). GPI,
an instrument at the 8-m Gemini South Telescope, combines an advanced adaptive optics
system, a diffraction-suppressing coronagraph for companion imaging, and an integral field
spectrograph for NIR spectroscopy. P1640 is at the 200-inch Hale Telescope at Palomar
Observatory and has a NIR J and H band high contrast integral field spectrograph and a
coronagraph mounted behind the Palomar adaptive optics system.
I have contributed to this mission by providing spectral type constraints of the infrared
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imaged companions discovered by the P1640 and GPI teams. To accomplish this, I have
used brown dwarf spectra as analogs to cool companions which will provide a foundation for
characterizing exoplanets at lower resolution and with less complete wavelength coverage.
With this method, I am able to compare spectral morphology to determine distinguishing
absorption features within the companion’s atmosphere and crucially characterize the object
based on its temperature, surface gravity, and spectral type. My analysis of these proof-
of-concept cases provide the backbone for interpreting spectra for some of the benchmark
companion objects found with todays exoplanet imagers.
5.2 HD 19467 B
HD 19467B is a co-moving companion to HD 19467, a G3V star discovered by the TrenDS
high-contrast imaging program (Crepp et al., 2012, 2014). HD 19467B has a projected orbital
separation of 51.1±1 AU a lower mass limit of 51.9+3.6−4.3MJup derived from radial velocity (RV)
acceleration measurement. This mass is is consistent with that of a low-mass brown dwarf,
and Crepp et al. (2014) predicted a spectral type of T5-T7 from color-magnitude diagram
placement. This object is of particular interest to the field because it is the only directly
imaged T dwarf companion seen to cause a measurable Doppler acceleration around a nearby
solar-type star. The spectrum was obtained after 16 years of RV and parallax measurements,
by Project 1640.
Because T dwarfs are typically assigned a spectral type by comparing their near-infrared
(0.82.5µm) spectra to spectral standards (Burgasser et al., 2006a), I perform a similar method
to verify and further constrain the spectral type obtained by Crepp et al. (2014) with near-
infrared broadband colors and JHK absolute magnitudes. I compared the P1640 spectrum
of HD 19467B to 107 T dwarfs with spectral types ranging from T0 to T9. Spectra are from
Burgasser et al. (2004, 2006a); Burgasser (2007a); Burgasser et al. (2008, 2010c); Chiu et al.
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(2006); Cruz et al. (2004); Kirkpatrick et al. (2011); Liebert & Burgasser (2007); Looper
et al. (2007); Mace et al. (2013); Mainzer et al. (2011); Sheppard & Cushing (2009). Most
of the spectra were obtained via the SpeX prism library.
The T dwarf spectra are first binned down to match the wavelength resolution of the
HD 19467B spectrum, and the T dwarf spectra are trimmed to match the wavelength range.
This process reduces the number of flux points in the higher resolution spectrum, to match
the wavelength array of the lower resolution spectrum. And example of this is shown in
Figure 5.1 where a higher resolution (R∼ 75 − 200) SpeX Prism spectrum is binned down
to the resolution of HD 19467B (R∼ 30). I then compare the HD 19467B spectrum with
a calculated χ2 statistic for each template T dwarf spectrum. From the fitting results, I
interpret a spectral type of T5.5, exampled in the top panel of Figure 5.2 by the T5.5
2MASSJ11101001+0116130 (Burgasser et al., 2006b) which produced the minimum χ2 value
in comparison with the others. The bottom panel of 5.2 shows χ2 as a function of spectral
type for T0T9 dwarfs with a second-order polynomial fit. From the χ2 - spectral type
results, I derive a spectral type of T5.5±1, which is consistent with the photometrically-
estimated T5-T7 spectral type from Crepp et al. (2014). Along with constraining the spectral
type, the mass and the effective temperature of this benchmark object were constrained
with radial velocity measurements and spectral model fitting, respectively. These parameter
constraints place HD 19467B correctly within the isochronal age estimate and mass estimate
of the evolutionary model. HD 19467B shows promise to become the first T dwarf that
simultaneously reveals its mass, age, and metallicity independent from the spectrum of light
that it emits.
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5.3 HR 2562 B
The next study is the first brown dwarf-mass object found to reside in the inner hole of a
debris disk. HR 2562B is a companion to the debris disk F5V host star HR 2562, discovered
with the Gemini Planet Imager (GPI) at a projected separation of 20.3±0.3 AU (Konopacky
et al., 2016). HR 2562B’s luminosity when compared with evolutionary models corresponds
to a mass of 30±15MJup and an estimated age of the system of 300-900 Myr. HR 2562B was
originally discovered in H band imaging with follow ups in the J, H, K1, and K2 bands, and
NIR spectra were obtained later in the J, H, and K bands.
In this spectral template analysis I used T dwarf spectra from the SpeX Prism Library and
included L dwarfs from Filippazzo et al. (2015) because an estimate of HR 2562B’s spectral
type was derived to be L7±2 from fitting to the spectral standards in the SPLAT SpeX Prism
Library toolkit. After binning and trimming the spectral templates, χ2 comparisons were
made as a function of spectral type. I performed these fits to the full HR 2562B spectrum,
and to the individual J, H, and K bands separately, as displayed in Figure 5.3 middle and
bottom panels. Individual band fits were analyzed because they provided a wider range
of a best fit spectral type, as has been also shown previously in Chapter 4. This in-depth
analysis into the narrow wavelength ranges provides a wide range of best-fitting templates
that includes L3.5-T2, depending on the band. Particularly, I find that the best fit to the
J-band is a T2 object, while the H and K bands are best-matched to an L3.5 and L4.5,
respectively. Though earlier spectral types are preferred at H and K, mid-to-late L types
have nearly equivalent χ2. The full spectrum fit returns the same best fit as found with the
SPLAT standards fitting, L7 WISE 1741-4642.
Along with an estimated young age of the system, despite the large age uncertainty, the
spectra and photometry also exhibit several indications of youth for HR 2562B. Therefore,
in the top panels of Figure 5.3 I have highlighted where several confirmed young objects fit
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in comparison in the χ2 versus spectral type analysis, including two young L/T transition
objects, VHSJ125601.92-125723.9B (VHS 1256B, Gauza et al. (2015)) and PSO J318.5338-
22.8603 (PSO 318, Liu et al. (2013)) which are reasonable matches to the spectra in individual
bands. From this full analysis, I derive a spectral type of L7±3 for HR 2562B.
5.4 GJ 758B
At a projected separation of 30AU sits companion GJ 758B to the Sun-like G8V star
GJ 758. GJ 758B was first detected in H band Subaru/HiCIAO imaging by Thalmann et al.
(2009), confirmed in L′ band MMT/Clio imaging by Currie et al. (2010), and followed up
by multi-band (J, H, Kc, L
′, M, and narrow band CH4S and CH4L filters) Subaru/HiCIAO,
Gemini/NIRI, and Keck/NIRC2 imaging by Janson et al. (2011). Several age estimations
have ultimately narrowed on an age of ∼ 5 − 9 Gyr based on activity and rotation in the
system and a non-detection of lithium in the host star (Thalmann et al., 2009). This object
serves as a benchmark as the coldest imaged companion around a Sun-like star, estimated to
be ∼ 600 K and a T8-T9 from atmosphere models and empirical object comparisons (Vigan
et al., 2016). Due to the system’s proximity to us at only 15.76pc away (van Leeuwen, 2007),
GJ 758B stands to be one of the most accessible planet-like objects for in-depth follow-up.
The first low-resolution near-IR spectrum of GJ 758B was obtained using Palomar Ob-
servatory’s 5.1-m Hale telescope and the P1640 instrument. My spectrophotometric fitting
of GJ 758B was conducted with 154 T dwarfs with low resolution, NIR spectra from the
SpeX Prism Library. After fitting both with and without the water band around 1.4µm,
and finding essentially identical results, I chose to remove the water band from the fit for
aesthetic purposes and to make the fits consistent with the model fitting procedure. After
binning and trimming the SpeX Prism spectra to create spectral templates to fit to GJ 758B,
I calculate a χ2 for each template. Figure 5.4 shows χ2 as a function of spectral type, with
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a third order polynomial fit. The bottom panel of Figure 5.4 shows the best fit spectrum
of T7 WISE J145715.03+581510.2 (Kirkpatrick et al., 2011) which results in the minimum
χ2 value of 60 with 29 degrees of freedom. Shown with the best fit T7 are example fits
of the surrounding T dwarf spectral type, also of lowest χ2 (WISE J 200804.71083428.5,
WISE J 180901.07+383805.4, Mace et al. (2013); WISE J 041054.48+141131.1, WISE
J 030724.59+290447.4, WISE J 062309.94+045624.6, WISE J 222623.05+044004.0, Kirk-
patrick et al. (2011)). From this analysis, I infer a spectral type of T7.0±1 for GJ 758
B.
5.5 HD 4747 B
At 18.69±0.19pc away, orbiting the G9V star HD 4747B at a projected separation of
11.3±0.2AU is companion HD 4747B, discovered after 18 years of precise Doppler measure-
ments. These dynamics have provided a mass of the companion to be 55.3±1.9MJup which
is consistent with the mass of a cool brown dwarf (Crepp et al., 2016). Photometric analysis
shows that HD 4747B is likely a late type L dwarf near the L/T transition, therefore able to
benefit from a spectral template fitting analysis of L and T dwarf observed spectra.
Using the T dwarf spectra from the SpeX Prism Library and L dwarfs from Filippazzo
et al. (2015), I performed a spectral template analysis to the spectrum of HD 4747B, and
estimate a spectral type of T1, consistent with the photometric predictions of an L/T tran-
sitions object. This consistency can be seen in the top panel of Figure 5.5 where the χ2
values remain low for objects around L8-T2, but spike drastically at L7 and T3. The actual
templates with the lowest χ2 values for L9-T2.5 are shown in the bottom panel. The L/T
transition spectral type range predicts similar temperatures due to atmospheric clouds, as
shown in the Teff -spectral type relations of Chapter 3.
This work is in preparation for submission.
5.5. HD 4747 B 103
1.2 1.3 1.4 1.5 1.6 1.7
0.0
0.2
0.4
0.6
0.8
1.0
original
binned
Figure 5.1 A SpeX Prism spectrum of T5.5 1110+0116 (gray) and its binned down spectrum
replicating the wavelength array of HD 19467B (red).
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Figure 5.2 Results from Crepp et al. (2015) showing: (Top) P1640 spectrum of HD 19467 B
(black crosses) plotted with example spectral templates of binned and trimmed SpeX/IRTF
spectra of T4.5-T6.5 objects. (Bottom) χ2 as a function of spectral type for a sample of
T0-T9 spectral templates and a second-order polynomial fit. We estimate a spectral type of
T5.5±1 from this spectral comparison.
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Figure 5.3 Results from Konopacky et al. (2016) showing the two minimization fits of high
contrast imaged cool companion HR 2562B to T dwarf spectral templates. The top panels
show the corresponding χ2 per spectral type where we derive a spectral type of L7±3; middle
panels show the spectrum of HR 2562B (grey) with best fitting objects (solid lines) per band;
bottom panel shows the best (solid aqua line, WISE J1741-4642) across all bands. With this
analysis, we were able to spectral type HR 2562B and use model fits to a synthetic model
grid to provide temperature and surface gravity constraints.
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Figure 5.4 (Top) χ2 as a function of spectral type for T2-T9 objects. A third-order (blue)
polynomial fit from T0-T9 based on the average χ2 results per spectral type, and the average
χ2 points per spectral type bin (orange) are shown. A spectral type of T7±1 is derived from
this spectral comparison. (Bottom) P1640 spectrum of GJ 758B (black crosses) plotted with
binned and trimmed SpeX Prism spectra of T5.5-T8.5 objects and the best fit T7 object.
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Figure 5.5 (Top) χ2 as a function of spectral type for L4-T4 objects. Objects with signatures
of youth as defined by Cruz et al. 2015 (orange) are shown. A spectral type of T1 and within
the L/T transition range is estimated from this spectral comparison. (Bottom) The spectrum
of HD 4747B (black crosses) is plotted with the best fit binned and trimmed spectra of L9-
T2.5 objects.
Chapter 6
Conclusions and Applications
6.1 Summary
My thesis was motivated by the intriguing similarities in cool brown dwarf and gas
giant planet atmospheres represented in their spectra and due in part to their overlapping
effective temperatures. I chose to focus my studies on T dwarfs because it is the coolest,
fully populated spectral class nearing the exoplanet temperature regime since only a handful
of Y dwarfs are known and observed spectroscopically. T dwarfs also provide atmospheric
analogs for high mass planets because of similar absorption features like methane and water,
whose impact on the spectral morphology of T dwarfs and their spectral type classifications
have yet to be thoroughly studied with synthetic spectral fits.
6.1.1 Full Spectrum Fits and Model Grid Comparisons
I performed an extensive model fitting analysis on low resolution NIR spectra of 151 T
dwarfs spanning the entire T0-T9 spectral class. I used low resolution SpeX Prism spectra
and a Markov-Chain Monte Carlo fitting procedure with three different model grids to deter-
mine the best fit primary (Teff , log(g)) and secondary (fsed, where applicable) parameters
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for each object in my sample. MCMC explores the model grid parameter space, and also
space between grid points by interpolation to further constrain the best fitting model pa-
rameters. Uncertainties are quantitative, and derived from the 16th, 50th, and 84th quantile
fits to the Gaussian-like posterior distribution of each parameter.
Comparisons of the best fit model from each grid per object divulges information of where
across the wavelength range of the spectrum the physics is best-reproduced. The relationship
of the best fit model Teff to spectral type over the T0-T9 range depicts the reliability of
the best fit model chosen for each object from each model grid. Teff is expected to decrease
exponentially with spectral type, and I find that all three models reproduce a decreasing
relationship between Teff and spectral type across the T0-T9 spectral class range. The BT-
Settl 2013 appears more linear across T0-T9 than polynomial relations from the literature
suggest. The SAUMON 2012 and MORLEY 2012 model grids have ∼ 100 − 200 K breaks
in the decreasing Teff versus spectral type relation instead of following a smooth decrease.
All three model grids show best fit models resulting in Teff estimates that are ∼ 100− 200
K warmer than the polynomial relations predict for early T types.
The best fit model estimations from all three model grids show a decrease in log(g) as
Teff decreases. This real result is an artifact of brown dwarfs cooling over their lifetimes and
shrinking until their radius reaches a minimum size from electron degeneracy pressure. For
field age brown dwarfs, cooler T dwarfs will inherently be lower mass and approximately the
same radius as warmer T dwarfs.
6.1.2 Individual Band Fits
I then focused on one model grid, the BT-Settl 2013 suite, and performed this fitting
routine over the full NIR spectrum and also over narrower wavelength ranges (Y, J, H, K
bands) defined by prominent opacity windows. This was motivated by current observations of
exoplanets and cool companion objects which are most efficiently observed in these individual
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bands. My goal was to identify the strengths and discrepancies of how models fit to individual
band, to help inform companion characterization when they are spectroscopically observed
in only one or two of these bands.
I find that the individual band and the full spectrum fits do not produce consistent results
with each other for individual objects. The individual band fits, when stitched together,
create a sufficient model, but this does not always reasonably match the full spectrum best
fit model. When examining the overall trend in Teff as a function of spectral type, shown
in Chapter 4, Y and J bands produce more tightly constrained results compared to the
polynomial relations of Stephens et al. (2009) and Filippazzo et al. (2015). Y band fits
are possibly affected by limitations in the models where pressure-broadened potassium and
sodium bands at optical wavelengths extend into the NIR. H band often has a spike at
∼ 1.85µm within methane and water absorption opacity windows that heavily affects the
best fit model selection. K band, for the sample presented in this work, is often noisier than
the other three bands, and this noise can throw off the best fit model selection by upwards
of 800 K. These results support using J band when possible for Teff characterization, and
to consider expanding uncertainty estimates of best fit parameters when only H and/or K
band are available for spectral fitting.
This analysis was done with a preliminary reduced χ2 method. For Giorla Godfrey et al.
2017b Investigating the T Dwarf Class with Low-Resolution Near-Infrared Spectra. II. Band
by Band (in prep), I will rerun the fits with the MCMC method for consistency in result
comparison to the full spectrum analysis done in Chapter 3 and to produce quantitative
uncertainties.
6.1.3 Cool Companion Characterization
Because cool companions (gas giant planets or low mass brown dwarfs) are most efficiently
observed and characterized in only one or two of the four narrow wavelength bands described
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above, I have used my individual band fit analysis as motivation for applying T dwarf
parameter characterization methods to cool companion characterization. Using the T dwarfs
in my sample and L dwarfs from Filippazzo et al. (2015), I binned and trimmed the spectra
to match the resolution and wavelength coverage of companion objects. I performed a χ2
goodness of fit calculation between the newly created spectral templates and the companion’s
spectrum, and found the minimum χ2 to be the best fitting template. Uncertainties on
the constrained spectral type were determined qualitatively from a χ2 versus spectral type
analysis as shown in Chapter 5. This analysis has produced dependable results that agreed
with the corresponding Teff results from fitting to existing model spectra, for four high-
contrast imaged companions that spanned from late L to late T dwarfs, described below.
HD 19467B, a co-moving companion to a G3V star discovered by the TrenDS high-
contrast imaging program (Crepp et al., 2012, 2014), has a lower mass limit of 51.9+3.6−4.3MJup
derived from radial velocity (RV) acceleration measurement. This object is the only directly
imaged T dwarf companion seen to cause a measurable Doppler acceleration around a nearby
solar-type star. The spectrum was obtained after 16 years of RV and parallax measurements,
by Project 1640. To characterize the companion, I compared the P1640 spectrum of HD
19467B to 107 T dwarfs with spectral types ranging from T0 to T9. I derived a spectral
type of T5.5±1. Model fits to the spectrum of HD 19467B derive an Teff of 978+20−43 K. These
parameter constraints place HD 19467B correctly within the isochronal age estimate of 9±1
Gyr and mass estimate of the evolutionary model. HD 19467B stands to be the first T dwarf
that simultaneously reveals its mass, age, and metallicity independent from the spectrum of
light that it emits.
HR 2562B, the first brown dwarf-mass object found to reside in the inner hole of a debris
disk, is a 30±15MJup companion to an F5V host star, discovered with the Gemini Planet
Imager. The spectra and photometry of HR 2562B along with an estimated age of the
system show indications of youth, and an estimated age of the system of 300-900 Myr. To
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characterize HR 2562B, I performed my χ2 analysis on its NIR J, H, and K band spectra
both individually and stitched together as a full spectrum, and examined fits to known young
objects. This in-depth analysis into the narrow wavelength ranges was necessary because the
results showed a wide range of best-fitting templates that includes L3.5-T2, depending on
the band. Particularly, I find that the best fit to the J-band is a T2 object, while the H and
K bands are best-matched to an L3.5 and L4.5, respectively. Though earlier spectral types
are preferred at H and K, mid-to-late L types have nearly equivalent χ2. The full spectrum
fit returns the same best fit as found with the SPLAT standards fitting, L7 WISE 1741-4642.
From this full analysis, I derive a spectral type of L7±3 for HR 2562B.
GJ 758B is a companion to a Sun-like G8V star and serves as a benchmark for the
coldest imaged companion around a Sun-like star, estimated to be ∼ 600 K and a T8-T9
from atmosphere models and empirical object comparisons. Several age estimations settled
on an age of ∼ 5 − 9 Gyr of the system. Due to the system’s proximity to us at only
16pc away, GJ 758B stands to be one of the most accessible planet-like objects for in-depth
follow-up. The first low-resolution near-IR spectrum of GJ 758B was obtained using Palomar
Observatory’s 5.1-m Hale telescope and the P1640 instrument. I fit this spectrum with 154
T dwarfs with low resolution, NIR spectra from the SpeX Prism Library. From this analysis,
I infer a spectral type of T7.0±1 for GJ 758 B.
HD 4747B is a 55.3±1.9MJup companion to a G9V star, discovered after 18 years of
precise Doppler measurements. Photometric analysis shows that HD 4747B is likely a late
type L dwarf near the L/T transition. I performed a spectral template analysis to the
spectrum of HD 4747B, and estimate a spectral type of T1. This work is in preparation for
submission.
This work emphasizes the importance of robust model fitting techniques and consistent
synthetic spectra across the full NIR spectrum wavelength range and also within individual
bands for reliable brown dwarf and exoplanet observed spectral analysis. This analysis lays
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the foundation for future higher resolution spectroscopy of companion objects and exoplanet
characterization.
6.2 Implications for Future Observations
This analysis will benefit future follow-up fitting comparisons by laying the groundwork
to understand the full NIR T dwarf spectrum and the wavelength ranges that most greatly
impact reliable spectral model fits. Particularly, from understanding the spectral morphology
and how the shapes of prominent absorption features affects spectral type characterization
will inform higher resolution spectral fits of these particular absorption features that are
found in the individual bands analyzed in this study in Chapter 4. Such higher resolution
spectra are readily available for use in the BDNYC Database (Filippazzo et al. in prep).
This work also lays the foundation for further model fitting studies that include more
free parameters, delving deeper into cloud variability, sedimentation, vertical mixing, dust
treatment, etc. The powerful MCMC model fitting technique is capable of handling a high
dimension parameter space and providing quantitative uncertainties on all parameters.
With an increase of future cooler observations, model grids are being created and adapted
for lower temperature spectra extending into the Y dwarf regime. The T and Y dwarf spectral
range overlaps temperatures reaching into the gas giant planet regime, and have atmospheres
of similar composition (Morley et al., 2012), making these models and their fits to field T
and Y dwarf spectra imperative for cool companion observation studies. From the results of
Chapter 4, I deduce several suggestions for best practice when performing and interpreting
model fits to characterize benchmark companion objects that have constrained masses and
ages. I recommed using J- or H- band for spectral classification when possible. I also suggest
inferring a surface gravity parameter from evolutionary models when the mass or age is
known, instead of using atmospheric models. If necessary to infer gravity from atmospheric
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models, H- band provides the most reliable gravity constraints. It is best to characterize a
companion spectrum by fitting both atmospheric models and observed spectral templates to
check the Teff estimate and spectral type estimate with one another.
The work in this thesis is the the most extensive T dwarf model comparison project to
date, including a large sample of objects spanning the entire T dwarf spectral class, the
use of multiple model grids, and an in-depth examination of the full NIR spectrum and
the individual wavelength bands. The large sample studied here provides a wealthy basis
for selecting updated spectral standard objects and expanding the standards sample, from
those originally selected in Burgasser et al. (2006b). Spectral standard spectra and physical
parameters are reliably and consistently re-produced by model spectra, Lbol methods, etc.
and a combination of this work and the spectral energy distribution and Lbol - Teff analysis
of Filippazzo et al. (2015) lays a polished groundwork for selection of this important sample.
Furthermore, from an expanded standard sample, a suite of T dwarf spectral templates can
be thoughtfully selected such as the L dwarf templates of Cruz et al. 2017 in prep.
Appendix A
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A.1 Chapter 3 Figures
The top row sub-figures of the pages below are the posterior distributions resulting from
MCMC model fits to three model grids (BT-Settl 2013, SAUMON 2012, MORLEY 2012) for
each object. In the bottom left panel the contour represents log(g) versus Teff . The center
of the contour represents the best fitting model’s parameters (MAP model, chapter 2). The
other panels show the Gaussian-like distributions centered on the best fitting model’s Teff ,
log(g), and fsed (where applicable) parameters. The three dashed lines on each of these
panels represent the 16th, 50th, and 84th quantile fit parameters.
The bottom sub-figures of the pages below show the T dwarf spectrum (black) overplotted
with the best fit model determined from the posterior distributions for each model grid (blue,
pink, green). This best fit model is interpolated between existing models on parameter space
grid points per the best fit parameters. Uncertainties for the observed spectrum are shown
in gray, but are often too small to see.
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A.2 Chapter 4 Figures
A.2.1 Individual Band Fit Plots
The full figure set of the 151 T dwarfs fit via a χ2 routine to the BT-Settl 2013 model grid
over the full observed spectrum and to the individual Y, J, H, and K bands. The top four
panels show the T dwarf spectrum (black) with the best fitting model to each individual
Y, J, H, and K band fits (colored). The bottom panel shows the best fitting model to
the full spectrum (solid green line) along with the full model from each individual band fit
(dotted lines). Each panel also displays the corresponding parameters, Teff (top) and log(g)
(bottom), to the best fitting model, to highlight discrepancies or well-matched results where
appropriate.
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